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FOREWORD

This report was prepared by the U.S. Geological Survey in cooperation
with the San Joaquin Valley Drainage Program and as part of the Regional
Aquifer-System Analysis (RASA) Program of the U.S. Geological Survey.

The San Joaquin Valley Drainage Program was established in mid~1984
and is a cooperative effort of the U.S. Bureau of Reclamation, U.S. Fish and
Wildlife Service, U.S. Geological Survey, California Department of Fish and
Game, and California Department of Water Resources. The purposes of the pro-
gram are to investigate the problems associated with the drainage of agricultural
lands in the San Joaquin Valley and to develop solutions to those problems.
Consistent with these purposes, program objectives address the following key
concerns: (1) public health, (2) surface- and groundTwater resources, (3) agri-
cultural productivity, and (4) fish and wildlife resources.

The RASA Program of the U.S. Geological Survey was started in 1978
following a congressional mandate to develop quantitative appraisals of the ma-
jor ground-water systems of the United States. The RASA Program represents a
systematic effort to study a number of the Nation’s most important aquifer sys-
tems, which in aggregate underlie much of the country and which represent an
important component of the Nation’s total water supply. In general, the bound-
aries of these studies are identified by the hydrologic extent of each system, and
accordingly transcend the political subdivisions to which investigations were
often arbitrarily limited in the past. The broad objectives for each study are to
assemble geologic, hydrologic, and geochemical information, to analyze and
develop an understanding of the system, and to develop predictive capabilities
that will contribute to the effective management of the system. The Central
Valley RASA study, which focused on the hydrology and geochemistry of
ground water in the Central Valley of California, began in 1979. Phase II of the
Central Valley RASA began in 1984 and was completed in 1990. The focus
during this second phase was on more detailed study of the hydrology and geo-
chemistry of ground water in the San Joaquin Valley, which is the southern half
of the Central Valley.
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Numerical Simulation of Ground-Water Flow in the
Central Part of the Western San Joaquin Valley,
California

By Kenneth Belitz, Steven P. Phillips, and J.M. Gronberg

Abstract ed pumping, regional-collector ters needed to incorporate
drains in the Westlands Water drains and bare-soil evapora-

The occurrence of seleni- District (operative from 1980 to tion. Four parameters were cal-
um in agricultural drain water 1985), on-farm drains in parts ibration variables: the hydraulic
in the central part of the west- of the Panoche, Broadview, andconductivity of fine-grained de-
em San Joaquin Valley, Califor-Firebaugh Water Districts, and posits in the semiconfined
nia, has focused concern on bare-soil evaporation (which zone, the hydraulic conductivi-
strategies for managing shallow,occurs if the water table is ty of the Corcoran Clay Mem-
saline ground water. To assesswithin 7 feet of land surface), ber, specific yield, and the
alternatives to agricultural The model also incorporates transmissivity of the confined
drains, a three-dimensional, texture-based estimates of hy- zone.
finite-difference numerical draulic conductivity, where tex- The model was calibrated
model of the regional ground- ture is defined as the fraction of in two phases. In the first phase,
water flow system was devel- coarse-grained deposits presenta steady-state model of the
oped. This report documents in a given subsurface interval, ground-water flow system in
the mathematical approach The numerical model was 1984 was used to constrain the
used to model the flow system, developed using hydrologic relation between the hydraulic
the data base on which the data from 1972 to 1988. Most conductivity bf fine-grained de-
model is based, and the meth- of the parameters incorporated posits in the semiconfined zone
ods used to calibrate the model,into the model were evaluated and the hydraulic conductivity

The 550-square-mile study independently of the model, in- of the Corcoran Clay Member,
area includes parts of the cluding system geometry, the thus reducing the number of in-
Panoche Creek alluvial fan anddistribution of texture, the alti- dependent variables from four
parts of the Little Panoche tudes of the water table and po-to three. In the second phase of
Creek and Cantua Creek alluvi-tentiometric surface of the calibration, the change in alti-
al fans. The model simulates confined zone in 1972 (initial tude of the water table from
transient flow in the semicon- condition), the hydraulic con- 1972 to 1984, the change in al-
fined and confined zones aboveductivity of coarse-grained de- titude of the potentiometric sur-
and below the Corcoran Clay posits derived from the Coast face of the confined zone from
Member of the Tulare Forma- Ranges, the hydraulic conduc- 1972 to 1984, and the number
tion of Pleistocene age. The tivity of coarse-grained depos- of model ceils subject to bare-
model incorporates areally dis- its derived from the Sierra soil evaporation from 1972 to
tributed ground-water recharge,Nevada, specific storage, re- 1988 were used to evaluate the
areally and vertically distfibut- charge, pumping, and parame-remaining three variables.
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The calibrated model reproduces the averageof the ground-water flow system in the central part
change in water-table altitude (1972-84) to withinof the western San Joaquin Valley (fig. 1). The study
0.4 foot (average measured change 11.5 feet) andarea is about 550 mi2 and includes the Panoche
the average change in confined zone head (1972-Creek alluvial fan and parts of the Little Panoche

84) to within 19 feet (average measured changeCreek and Cantua Creek alluvial fans. The study area

120 feet). The simulated time-series record of thealso includes the 42,000-acre area (about 67 mi:~) un-
derlain by the closed regional-collector drains. Thetotal number of model cells subject to bare-soil
model described in this report can be used to evalu-

evaporation (~ach cell is 1 mile square) is withinate the response of the water table to changes in
the range of the measured data. The measuredmanagement practices that affect recharge to or dis-
values are at a minimum in October and a maxi-charge from the ground-water flow system. Because
mum in July. The October values ranged fromthe flow system is complex, development of the
103 in 1972 to 132 in 1984 (the drains were model requires synthesis of a large data base and
closed in 1985) to 151 in 1988. The July valuesevaluation of several model parameters. The accura-
ranged from 144 in 1973 to 198 in 1984, to 204cy of the model is constrained by the assumptions
in 1988. The simulated values ranged from 103 inand simplifications incorporated in the analysis and
1972 to 161 in 1984, to 208 in 1988. by the accuracy of the input data. Thus, this report

emphasizes the mathematical approach used to
model the flow system, the data base on which the

INTRODUCTION model is based, and the methods used to calibrate the
model. In addition, this report documents the ability

Agricultural productivity in California’s westernof the model to reproduce measured hydrologic con-
San loaquin Valley is subject to the potentially ad-ditions. An evaluation of management alternatives is
verse effects caused by the occurrence of saline given in Belitz and Phillips (1992).
ground water at shallow depths. Of the more than 2.2 The model was developed as part of the corn-
million acres under irrigation in the western San Joa-prehensive investigation by the U.S. Geological Sur-
quin Valley, nearly 850,000 acres is underlain by avey of the hydrology and geochemistry of the San
water table that is within 5 ft of land surface (SanJoaquin Valley. The studies are being done as part of
Joaquin Valley Drainage Program, 1989). Historical-the Regional Aquifer-System Analysis Program of
ly, subsurface tile drains have been used to controlthe U.S. Geological Survey and in cooperation with
the altitude of the water table and to manage subsur-the San Joaquin Valley Drainage Program.
face water quality. In the early 1980’s, subsurface
regional-collector drains were installed in a 42,000-
acre area in the central part of the western San Joa-PREVIOUS WORK
quin Valley. Selenium-beating water, pumped from
these drains and exported to the Kesterson Wildlife Several previous studies provided a foundation
Refuge, led to deaths and deformities of waterfowlfor the development of a model of the ground-water
and aquatic biota (Deverel and others, 1984; Presserflow system in the central part of the San Joaquin
and Barnes, 1985; Ohlendorf and others, 1986). TheValley. Belitz and Heimes (1990) described the by-
occurrence of selenium toxicity at Kesterson resulteddrogeology of the ground-water flow system in the
in the closure of the regional-collector drains, whichcentral part of the western San Joaquin Valley, in-
began in March 1985 and was completed in April eluding the area of this report. They synthesized pre-
1988 (Phillips and Belitz, 1991). In the absence ofvious work and presented new data to describe the
drains, there is considerable concern as to how togeology of the flow system, the evolution of the tlow
maintain agricultural productivity in the presence ofsystem since the development of irrigated agriculture,
shallow, saline ground water (San Joaquin Valleyand the state of the flow system in 1985. Gronberg
Drainage Program, 198~). In particular, there is aand others (1990) used a geographic information sys-
need to evaluate alternative strategies for controllingtern to evaluate the hydrogeologic distribution of
the altitude of the water table. 5,860 water wells in the same study area as Belitz

This report documents the development of a and Heimes (1990). Laudon and Belitz (1991)
three-dimensional, finite-difference numerical modelmapped the distribution of texture (defined as the

2 Numerical Simulation of Ground-Water Flow in the Central Part of the Western San doaquin Valley, California
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fraction of coarse-gained deposits in a given subsur-area somewhat larger than the area of this report.
face interval) in the uppermost 50 ft of deposits in anPhillips and Belitz (1991) developed a preliminary,
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Figure 1. Topography and location of model boundary in study area.
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steady-state model of the semiconfined ground-waterPHYSICAL HYDROGEOLOGY
flow system in the area of this report. The purpose of
that work was to develop a method for optimizing The physical hydrogeology of the study area has
texture-based estimates of hydraulic conductivity,been previously described (Belitz and Heimes,
Gronberg and Belitz (1992) developed a water budget1990). The following discussion is based on that re-
for 11 subareas in the study area of this report. Belitzport. The study area is underlain by the Corcoran
and Heimes (1990) presented a more complete dis-Clay Member of the Tulare Formation of Pleistocene
cussion of previous hydrogeologic studies that focusage, which divides the ground-water flow system
on or include the present study area. Gilliom and oth-into an upper semiconfined zone (Davis and De
ers (1989) presented the results of several studiesWiest, 1966) and a lower confined zone (Davis and
concerning the sources, distribution, and mobility ofPoland, 1957) (fig. 2). The Corcoran Clay Member is
selenium in the San Joaquin Valley. an areally extensive lacustrine deposit of low perme-

Williamson and others (1989) developed a nu-ability (Johnson and others, 1968). The base of the
merical model of the regional ground-water flow sys-Corcoran Clay Member ranges in depth from 400 ft
tem of the Central Valley of California, an area ofin the valley trough to more than 800 ft along the
about 20,000 mi2. That model was calibrated with Coast Ranges (Bull and Miller, 1975); its thickness
hydrologic data from 1961 to 1971 and provides aranges from 20 to 120 ft (Page, 1986).
quantitative description of the flow system for the The semiconfined zone above the Corcoran Clay
entire Central Valley, including the study area, but atMember consists of three hydrogeologic units: Coast
a relatively coarse scale. It divided the 550-mi2 areaRanges alluvium, Sierran sand, and flood-plain de-
into 16 cells of 36 mi2 each and represented theposits. The Coast Ranges alluvium comprises oxi-
semiconfined zone as a single layer, dized alluvial-fan deposits derived from the Coast

EXPLANATION

CONV-r GL ’ 1-----1

Figure 2. Generalized P~dmgeol~ic ~on of s~dy area (m~ from Bel~ and Heimes, 1990).

4 Nuptial Simulation of Gmun~Wa~r R~ in ~e Ce~ml ~ ~ ~e W~m ~n J~quin Val~, ~l~rn~
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Ranges to the west. The deposits are primarily sandare the dominant hydraulic stresses on the flow sys-
and gravel at the fanheads and along stream channelstem. Presently, most of the irrigation water applied in
and are primarily silt and clay in the interfan andthe area is imported from the Sierra Nevada through
distai-fan areas (Laudon and Belitz, 1991). The the Delta-Mendota Canal (operativ_e since the early
thickness of the Coast Ranges alluvium is more than1950’s) and from the California Aqueduct (operative
800 ft along the Coast Ranges and thins to zero nearsince 1967). Ground water and the San Joaquin
the valley axis (Miller and others, 1971), where itRiver also are sources of irrigation water. Most of
interfingers with Sierran sand. The Sierran sand Con-the ground water is pumped from the lower confined
sists of well-sorted, medium- to coarse-grained fluvi-zone; lesser quantities are pumped from the Sierran
al sand derived from the Sierra Nevada to the east;sand in areas where it is more than 200 ft thick and
these deposits typically are chemically reduced. Thewhere the water quality is adequate for agricultural
Sierran sand is 400 to 500 ft thick in the valley use (Gronberg and others, 1990; Gronberg and
trough and thins eastward and westward (Miller andBelitz, 1992).
others, 1971). The flood-plain deposits overlie the Until the completion of the California Aqueduct
Sierran sand and consist primarily of clay and silt ofin 1967, ground water was the only source of irriga-
variable oxidation state. The flood-plain deposits aretion water for most of the central part of the western
derived from the Coast Ranges to the west and thevalley. Several decades of ground-water pumping has
Sierra Nevada to the east and range in thicknesslowered hydraulic heads in the confined zone several
from 5 to 35 ft (Landon and Belitz, 1991). hundred feet (Ireland and others, 1984) and caused

~ The confined zone beneath the Corcoran Clayland subsidence of more than 1 ft across the entire
Member consists primarily of poorly consolidatedarea and as much as 29 ft locally (Poland and others,
flood-plain, deltaic, alluvial-fan, and lacustrine de-1975). In 1967, surface-water delivery from the Cali-
posits of the Tulare Formation (Bull and Miller, fornia Aqueduct became available; by 1974: surface
1975). The thickness of the confined zone, defined aswater had replaced ground water as the principal
the interval from which ground water historically hassource of irrigation water. From 1974 to 1988,
been pumped, ranges from 570 to 2,460 ft (William-ground-water pumping was relatively constant, ex-
son and others, 1989). cept for an increase in 1977 (the second year of ~ 2-

The climate in the central part of the westernyear drought in California). Although ground-water
San Joaquin Valley is semiarid; annual precipitationpumping had been relatively constant since 1974, ir-
ranges from 6 to 8 in. (Rantz, 1969). Rain occursrigation has increased.
primarily from October to April. Temperature varies The reduction in ground-water pumping and in-
seasonally from an average daily minimum of 35° Fcrease in total irrigation since 1967 has had two ira-
to an average daily maximum of 102° F. Under nat-u-portant results: (1) an increase in the altitude of the
ral conditions, recharge to the ground-water flow sys-potentiometric surface in the confined zone and (2)
tern was primarily from infiltration of stream wateran increase in the altitude of the water table. From
from intermittent streams (Little Panoche, Panoche,1967 to 1984, the potentiometric surface rose 100 to
and Cantua Creeks; fig. 1) and perhaps from smaller200 ft across the entire study area, representing a re-
ephemeral streams located between the larger inter-covery of nearly half the total drawdown that oc-
mittent streams. None of the streams in the studycuffed from predevelopment conditions to 1967
area reach the valley trough; streamflow is lost to in-(Belitz and Heimes, 1990). From 1967 to 1984, the
filtration and evapotranspiration. Discharge from thewater table rose more than 10 ft across nearly half
ground-water flow system was primarily by evapo-the study area and as much as 100 ft locally, which
transpiration and streamflow along the valley trough,increased the area underlain by a shallow water table
Ground-water gradients in the area were typically(for example, water table within 10 ft of land sur-
from southwest to northeast, reflecting the generalface) and consequently the need for drainage.
topographic trend of the area; the magnitude of the
gradients ranged from 1 to 3 ft/mi, reflecting the arid
climate and low rates of recharge to the system. MODI=LING APPFIOACH

The present-day hydrology of the area is domi-
nated by agricultural activities. Percolation of irriga- The U.S. Geological Survey’s three-dimensional,
tion water past crop roots and ground-water pumpingfinite-difference ground-water flow model (McDonald

¯ ~ Modeling Approach 5

,,
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and Harbaugh, 1988) was used to simulate the region- Ss = specific storage (L-l),
al flow system in the central part of the western San x,y,z = cartesian coordinates (L), and
Joaquin Valley. The ground-water flow model was t = time (t).
calibrated in two phases, the first phase under steady- If an anisotropic flow system is discretized ver-
state conditions and the second phase under transienttically into multiple layers, the flow equation can be
conditions, expressed in a quasi-three-dimensional framework:

Steady-state modeling was an extension and re-
finement of work presented by Phillips and Belitz 0 (T Ohk~ 0 (T Ohk)~

+ ~’k +(1991). In the steady-state model, the semiconfined
Ox \ k"~x ] + -~y \ k Oy ] + 1 (hk+ l-hk) ~’k- 1

zone was divided vertically into five layers, and the
altitude of the water table (1984) and the confined Ohtc
zone heads (1984) were treated as specified-head (hk- 1 - hk) + Wk = Sk-~t’ (2)

boundaries. The purpose of the steady-state model
was to constrain the hydraulic properties of the litho-where

logic end members. The steady-state model was not Tk = transmissivity of layer k (L2/t),
used to develop an initial condition for input to the hk = vertically integrated hydraulic head of
transient model, layer k (L),

The transient model was calibrated using hydro- ~" k+l = leakance between layers k and k+l (t’l),

logic data from 1972 to 1988. It incorporated the hk+l = vertically integrated hydraulic head of
semiconfined and confined zones and also included layer k+l (L),

areally distributed sources and sinks of water not ex- ~’k-1 = leakance between layers k and k-1 (t-l),
plicitly represented in the steady-state model, includ- hk-1 = vertically integrated hydraulic head of
ing recharge to the water table, subsurface drains, layer k-1 (L),

bare-soil evaporation, and ground-water pumping. Wk = sources or sinks of water in layer k (Lit),
The transient model uses a modified version of the Sk = storage coefficient of layer k (dimension-
U.S. Geological Survey code, which alIows for the less),

activation and deactivation of model cells as the x,y = cartesian coordinates (L), and

water table rises above or declines below the bottom t = time (t).

of the cells (McDonald and others, 1992). In the fol-
lowing subsections, the approach for mathematicallyOiseretizationmodeling transient flow in the central part of the
western San Joaquin Valley is presented and, where
appropriate, the requirements of the steady-state and Areally, the model grid is 36 rows by 20 col-

transient models are distinguished, umns with each model cell 1 mi on a side (fig. 3).
Vertically, the semiconfined flow system was divided
into five layers (fig. 4). The upper two layers are of

Governing Equation constant thickness (20 and 30 ft, respectively), re-
fleeted by the distribution of monitoring wells

Three-dimensional, transient ground-water flow(Gronberg and others, 1990) and the need for accu-
in an anisotropic porous medium can be evaluated byrate simulation of the altitude of the water table in
solving the following equation with appropriate ini- shallow areas. A large number of wells were drilled
tial and boundary conditions: to a depth of 20 ft to monitor the water table where

it is shallow. Also, a large number of wells were

O (K Oh~ c3 (K Oh~ O (K Ohl S Oh, (1)
drilled to a depth of 50 ft along the California Aque-

0-’~k H~xx/+~yyk HOy/+-~ZZ\ VOz/+W= sO-~ duct. The remaining thickness of deposits at a depth
below 50 ft but above the Corcoran Clay Member

where was divided into three layers of varying thickness;
h = hydraulic head (L), layers 3 to 5 are three-sixteenths, five-sixteenths, and

Kri = horizontal hydraulic conductivity (L/t), one-half of the remaining thickness, respectively
Kv = vertical hydraulic conductivity (L/t), (Phillips and Belitz, 1991). The vertical division of
W = external sources/sinks of water (t-l), the semiconfined zone allowed for modeling of

6 Numerical Simulation of Ground-Water Flow in the Central Part of the Westem San Joaquin Valley, California
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vertical anisotropy and vertical head gradients. TheTransmissivity and Leakance
confined zone beneath the Corcoran Clay Member
was represented by a single layer, and the Corcoran Within the semiconfined zone (layers 1 to 5),
Clay Member was incorporated into the leakance transmissivity varies spatially as a function of the
term between the lowermost layer of the semicon-thickness of the layer (or wetted thickness if the
fined zone (layer 5) and the confined zone (layer 6).water-table altitude is below the altitude of the top of
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the layer) and the equivalent horizontal hydraulic Kf = hydraulic conductivity of fine-grained
conductivity of the deposits within the layer: end member,

TI~ .. Krt,kblc, (3)
Ff,k = fraction of fine-grained end member,

spatially variable, and
where Fc,k + Ff, k = 1.

KH,k = equivalent horizontal hydraulic conductivi- The leakanee between layers also varies spatial-
ty of layer k (L/t), and ly, but as a function of the equivalent vertical hy-

bk = thickness of layer k (L). draulic conductivity and thickness of deposits present
Phillips and Belitz (1991) concluded that thebetween the midplanes of adjacent layers. The leak-

equivalent horizontal hydraulic conductivity was bestante between layers k and k+l is
calculated as a weighted arithmetic average of the
hydraulic conductivities of coarse- and fine-grained ~’~c ÷ I = Kv, ~ ÷ _~/~ b~ + 1~ , (5)

lithologic end members:
whereKtt, k = (Ke "Fe, t~) + (Kf’Ff, k),

(4) Kv~+_~ = equivalent vertical hydraulic conductivi-

where ty between layers k and k+l (L/t) and

Ke = hydraulic conductivity of coarse-grained bk+ L = (bk+bk+l)i2.
2

end member, Phillips and Belitz (1991) concluded that the
Fe,k = fraction of coarse-grained end member,equivalent vertical hydraulic conductivity could be

spatially variable, calculated using either a weighted harmonic mean or

EXPLANATION

Figure 4, Generalized hydrologic section and vertical layers representing numerical model of ground-water flow system.
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weighted geometric mean of the hydraulic conductiv-include specified fluxes, such as pumping, as well as
ities of coarse- and fine-grained lithologic end mem-head-dependent fluxes. Two types of head-dependent
bers. This study used a weighted harmonic mean: sinks, subsurface drains and bare-soil evaporation

1 from a shallow water table, as well as ground-water
K    I = , (6) pumping, were incorporated into the transient model.

v,k+ ~
Fe’k+ IKc + Ff’k+ IKe uses linear head-dependent functions to simulate the

influence of drains on the ground-water flow system.
where If the hydraulic head in a model cell is higher than
Fc,k+ ~_ = fraction of coarse-grained end member the altitude of the drain in that cell, then the volu-

2 present between the midplanes of layers k metric flux to the drain can be calculated:
and k+l and

Ff, k+ _~ = fraction of fine-grained end member
QDi, j, k = Ci, j, k (hi, j, k - El, j, k)

~ present between the midplanes of layers k if hi, j, k > Ei, j, k ’ (7a)

and k+ 1. where

Similar expressions can be written for the leakance QDi,],k = volumetric flux to a drain in cell i,j,k;

and equivalent vertical hydraulic conductivity be- Ci~i,k = conductance of the cell/drain system in
tween layers k and k-1. cell i,j,k;

In this study, coarse-grained sediment is defined hi,j,k = head in cell i,j,k; and
as sediment consisting principally of sand, clayey and Ei,j,k = altitude of drain in cell i,j,k.
silty sand, gravel, and clayey, silty, and sandy gravel.If the hydraulic head in a model cell is at or lower
Fine-grained sediment is defined as sediment consist-than the altitude of the drain in that cell, then
ing principally of clay, silt, and sandy clay and silt. (7b)
These definitions are identical to those of Laudon and QDi, j, k = 0 if hi, j, k < El, j, k "

Belitz (1991). Within the semiconfined zone, two Equation 7a can be interpreted as a modified form of
coarse-grained lithologic end members and one fine-Darcy’s Law in which the conductance term accounts
grained lithologic end member were identified: coarse-for hydraulic conductivity, cross-sectional area, and
grained sediment derived from the Coast Ranges, the distance across which the head difference occurs.
coarse-grained sediment derived from the Sierra Ne- The McDonald and Harbaugh (1988) model in-
vada, and fine-grained sediment independent of thecorporates a linear head-dependent function to simu-
source area. These distinctions reflect the hydrogeolo-late bare-soil evaporation or evapotranspiration or
gy of the ground-water flow system and the location both. In any given model cell, the bare-soil evapora-
of wells that can be used to test hydraulic conductivity,tion rate (QE) is at a constant and maximum rate

The leakance between the lowermost layer of (QEmax) if the water table (or hydraulic head, h) is
the semiconfined zone and the confined zone (layersabove the altitude of some reference surface (Zref):
5 and 6, respectively) was assumed to be a function QE = QEmax if h > Zref . (8a)
of the thickness and hydraulic conductivity of the
Corcoran Clay Member (Kcorc). The transmissivity of If, however, the water table is at a depth below the

the confined zone beneath the Corcoran Clay Mem- reference surface, the bare-soil evaporation rate is

ber (Tconfined) was not modeled as a distributed pa- zero:

rameter and hence was not evaluated on the basis of QE = 0 if h < Z~f - Dext , (8b)
lithologic end members. This generalization of the where
confined zone reflects the primary focus on the semi- Dext = the extinction depth.
confined zone, in particular, the focus on the re-

If the water-table altitude is between the referencesponse of the water table to potential changes in
hydrologic conditions, surface and the extinction depth, the bare-soil evapo-

ration rate decreases linearly from the maximum rate
to zero:

Sources and Sinks
QE = QEraax [h - (Zref - Dext) ]/DextSources and sinks in the ground-water flow

if Zref - Dext -~ h < Zmf .           (8c)model of McDonald and Harbaugh (1988) can

Sources and Sinks 9
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Storage Coefficient The head-dependent boundary condition allows for
flow into or out of the study area and can be seen as

The McDonald and Harbaugh (1988) model al-a modified form of Darcy’s Law:
lows for a storage coefficient that depends on the rel- (11)
ative altitude of the hydraulic head of a layer and the Ci, j, k = (Ai, j, kKi, j, k)/Li, j, k ’

top of that layer. If the head is higher than the top ofwhere
the layer, then the change in ~torage caused by hy-Aij, k = area of cell face adjacent to the boundary
draulic head changes is a function of the elastic (L2),
properties of the aquifer: Kij, k = hydraulic conductivity of material between

cell (i,j,k) and the externally specified head
Sk = Ssb/:, (9a) (HB) (L/t), and

where Lij,k = distance between model cell and specified
head (L).S/c = storage coefficient of layer k (dimension-

less), The boundary conditions at the top and bottom
Ss = specific storage (L’!), and of the model were treated differently in the first and
bk = thickness of layer k (L). second phases of calibration. In the first phase of cal-

If the hydraulic head is lower than the top of the ibration, the semiconfined zone was modeled under

layer, then changes in head correspond to changes insteady-state conditions with the altitude of the water
table (1984) and confined zone heads (1984) treatedwater-table altitude, and thus changes in storage are a

function of the drainable porosity: as specified-head boundaries. Distributed sources and
sinks at the top of the ground-water flow system (re-

5k = Sy, (9b) charge, subsurface drains, bare-soil evaporation) were
not explicitly incorporated; but ground-water pumpz

where ing was implicitly incorporated into the specified-.
Sy = specific yield (dimensionless). head boundary at the bottom of the ground-water

flow system. Thus, the specified-head boundary
below the Corcoran Clay Member accounted for flux

Boundary Conditions across the Corcoran Clay Member and for ground-
water pumping from the semiconfined zone. The

In both phases of calibration (steady-state andlimitations of the steady-state model were removed
transient), the lateral boundary conditions were treat-in the second phase of calibration: the semiconfined
ed identically (fig. 3). The contact between the Coastand confined zones were modeled under transient
Ranges and the unconsolidated alluvium was rood-conditions, the water table was treated as a free sur-
eled as a no-flow boundary. The northern and south-face, and distributed sources and sinks were explicit-
ern boundaries of the study area approximate flowly incorporated. In the transient model, the confined
lines and also were treated as no-flow boundaries,zone was assumed to be 1,000 ft thick, and the bot-
Along the northeastern and eastern boundaries, thetom of the confined zone was treated as a no-flow
study area is not hydraulically isolated from adjacentboundary.
areas. To account for the interaction of the flow sys-
tem with adjacent areas, the northeastern and eastern
boundaries were treated as head-dependent bound- Simulation Period, Model Time-Step Size,
aries (McDonald and Harbaugh, 1988): and Initial Conditions

OBi, j, k = Ci, j, k (HBi, j, k - hi, j, k)’ (10) The transient model began in October 1972 and
ran until October 1988. For numerical stability and

where convergence, the first year was divided into 450 time
QBid, k = flux across the boundary of cell (i,j,k) (L3/t),steps: 0.2 year divided into 200 time steps, 0.3 year

Cij, k = conductance of the deposits at the bound-divided into 150 time steps, and 0.5 year divided into
ary of cell (i,j,k) (L2/t), 100 time steps. Subsequent years were divided into

HBij, k = externally specified head (L), and 100 time steps each. The initial headdistribution in
hij, k = head in the model cell (i,j,k) (L). the semieonfined zone was specified as hydrostatic
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beneath the water table; the altitude of the water Table 1. U.S. Geological Survey 7.5-minute topographic
table in 1972 was mapped from water-level data maps used in remapping land-surface altitude

compiled by Gronberg and others (1990). The initial
head distribution in the confined zone (1972) was ob- Map name Year
tained from a previously published map (Ireland andLaguna Seca .........................1956
others, 1984). Chounet Ranch .......................1956

I-Iammonds Ranch .....................1956
Dos Palos ........................... 1956

PARAMETER ESTIMATION AND Monocline Ridge ......................1955
AVAILABLE DATA BASE Claaney Ranch ........................ 1955

Broadview Farms ......................1955
Oxalis ............................. 1956A large quantity of data is available for the cen-
Lilis Ranch .......................... 1956tral part of the western San Joaquin Valley that can Levis .............................. 1956

be used to evaluate model parameters. Many of the Coit Ranch .......................... 1956
parameters were evaluated independent of the model,Firebaugh ........................... 1956
including geometry, texture, altitudes of the water Post Farm .......................... 1962
table and the potentiometric surface in 1972 (initialTres Pecos Farm ......................1956
condition) and in 1984 (specified-head boundaries Cantua Creek ........................1956
for the steady-state phase of modeling), hydraulic Tranquillity .......................... 1956

Mendota Dam ........................ 1956conductivity of coarse-grained lithologic end mem- San Joaquin ......................... 1963
bers, specific storage, recharge, pumping, and param-Jameson ............................ 1963
eters needed to incorporate subsurface drains and
bare-soil evaporation in the model. The values of
four model parameters, however, were calibration digitizing land-subsidence maps from four time peri-
variables: hydraulic conductivity of the fine-grainedods: 1955-69 (Poland and others, 1975), 1963-66
lithologic end member in the semiconfined zone, hy-(BUR, 1975), 1966-69 (Poland and others, 1975), and
draulic conductivity of the Corcoran Clay Member, 1969-72 (Poland and others, 1975). The last relevel-
specific yield, and transmissivity of the confined ing of the entire study area was done in 1972 (Ire-
zone. In the following subsections, data used for in-land, 1986). Ireland and others (1984) and Ireland
dependently evaluating model parameters are dis- (1986) presented data indicating that since 1972 sub-
cussed and the values used in the model are sidence was less than 1 ft along the California Aque-
presented. Those parameters that were calibration duct and at 15 sites in and around the study area.
variables also are discussed and preliminary esti- Land-surface altitude at the centers of model cells
mates of those values are presented. In a subsequentwas interpolated from the network of digitized data
section, the calibration methodology is discussed andpoints. Given the altitude of the land surface, the al-
the calibrated values and preliminary estimates are titudes of the top and bottom of each of the model
compared. Selected model input data are given at thelayers can be specified by determining the thickness
end of the report, of each of the model layers.

The total thickness of deposits in the semicon-
fined zone was determined by taking the altitude of

Land-Surface Altitude and System Geometry the top of the Corcoran Clay Member (Page, 1986)
and subtracting those values from land-surface alti-

The ground-water flow model requires specifica-tudes. The total thickness of the semiconfined zone
tion of the altitudes of the top and bottom of each ofwas then divided into five layers. The thickness of
the five layers that constitute the semiconfined zonethe Corcoran Clay Member, needed for calculation of
(including land-surface altitude). Because of aquifer leakance between layers 5 and 6, was taken from a
compaction, land-surface altitude in th~ study area previously published map (Page, 1986). The thick-
was remapped. This was done by digitizing 1,776 ness of the confined zone was not explicitly incorpo-
land-surface altitude data points (from section cor- rated into the model but was implicitly incorporated
ners and along canals) from 19 U.S. Geological Sur-in the storage coefficient and transmissivity of the
vey 7.5-minute topographic maps (table 1) and by confined zone.

Parameter Estimation and Available Date Base 11
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Water Levels District, written commun., 1987; and California De-
partment of Water Resources, written commun., 1987)..

Accurate water levels are needed for specifica- The 1972 potentiometdc surface was used as the initi’al
tion of initial conditions and for model calibration, condition for the confined zone in the transient model,
Gronberg and others (1990) reported that there are the 1984 potentiomelric surface was used as a specified-
5,860 wells in an area about twice as large as the head boundary for the steady-state model, and the
study area for this report, of which 1,114 were in- change in altitude of the potentiometric surface from
stalled to monitor the water table where it is within 1972 to 1984 was used in calibrating the transient
20 ft of land surface. Most of the shallow wells are model. Selected hydrographs from 1972 to 1984 were
monitored on a quarterly basis, but many are moni- used to evaluate the accuracy of the calibrated model.
tored on a semiannual basis. Generally, the water
table is shallowest in July during the growing season

Distribution of Texture, Semiconfined Zoneand is deepest in October after the harvest. In the
study area for this report, more than 400 wells were Within the semiconfined zone, equivalent hori-
used to map the altitude of and depth to the water zontal and vertical hydraulic conductivities depend on
table. The density of the water-level data base is the distribution of texture (fraction of coarse-grained
such that 50 percent of the model cells are within 1 sediment) in each of the five layers that constitute the
mi of a well, and 95 percent of the model cells are semiconfined zone, as well as the texture of the depos-
within 3 mi of a well (fig. 5). its present between the midplanes of adjacent layers.

The depth to the water table and the altitude of Lithologic and geophysical logs from 534 wells in and
the water table were mapped for the entire study areaaround the study area (fig. 6) were used to map. the
using October water levels in 1972, 1976, 1980, anddistribution of texture. The texture maps were made as
1984. Internal consistency between the depth and al-follows: (1) each well log was examined and, from the
titude maps was maintained first by interpolating geologic description (or geophysical log), individual
land-surface altitude (bilinear interpolation) and horizons or beds were classified as coarse or fine
water-table depth at the centers of model cells and grained; (2) each well log then was divided into nine
then by calculating water-table altitude. A large num-discrete intervals, five intervals corresponding to the
ber of wells are in areas of shallow ground water five layers of the semiconfined zone and four intervals
(depth to the water table less than 20 ft). Water lev- corresponding to the deposits present between the
els for these wells were mapped using bilinear inter-midplanes of the five layers; (3) for each interval, the
polation. There are fewer wells in areas of deep texture (fraction of come-grained sedimen0 was cal-
ground water; water levels for these wells were man-culated; (4) for each interval, the texture at the center
ually contoured. The depth to the water table in areasof model cells was computed using the moving aver-
of shallow ground water also was mapped for July age method of Sampson (1976). Laudon and Belitz
and October conditions from I972 to 1988, except (1991) provided a more complete description of the
for July 1977. The large number of wells in areas ofmethod used in mapping texture in the central part of
shallow ground water permitted automated interpola-the western San Joaquin Valley. The contact between
tion of water-table depth for 32 time periods, coarse-grained sediment derived from the Coast Rang-

The altitude of the water table in 1972 was used ases and come-grained sediment derived from the Sierra
the initial condition for the five layers of the semicon-Nevada was mapped using published maps of the
fined zone, and the altitude of the water table in 1984thickness of deposits derived from the Coast Ranges
was used as a specified-head boundary in the steady-and the Sierra Nevada (Miller and others, 1971).
state phase of model calibration. The change in water- The mean, standard deviation, and coefficient of
table altitude from 1972 tO 1984 and the number of variation of the textural values for the Coast Ranges
model cells with a water table within 7 fl of land surfacealluvium and Sierran sand are listed in table 2 for
from 1973 to 1988 were used to calibrate the transienteach of the five model layers. In all five layers, the
model. Selected hydrographs from 1972 to 1984 wereSierran sand contains a higher fraction of coarse-
used to evaluate the accuracy of the calibrated model,grained deposits than the Coast Ranges alluvium and

The potentiometric surface of the confined zone the coefficient of Variation is smaller. These statistics
was taken from contour maps for 1972, 1976, 1980, are consistent with the depositional environment of
and 1984 (Ireland and others, 1984; Westlands Waterthe two hydrogeologic units.
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Hydraulic Conductivity of Lithologic End rived from the Coast Ranges (Ke.cr), coarse-grained
Members sediment derived from the Sierra Nevada (Kc_s), and

fine-grained sediment (Kf), independent of source area.
Within the semiconfined zone, three lithologic endIn addition, the Corcoran Clay Member of the Tulare

members were identified with three distinct values of Formation of Pleistocene age was identified as a fourth
hydraulic conductivity: coarse-grained sediment de- lithologic end member, also with a distinct hydraulic
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Figure 5. Location of wells used to map water table.
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conductivity (Kcore). The hydraulic conductivities of Phillips and Belitz (1991), using a preliminary
the coarse-grained lithologic end members (Ke_cr and steady-state model of the flow system, determined
Ke_s) were estimated independently of the model, and that the hydraulic conductivity of a coarse-grained
the hydraulic conductivity of the fine-grained lithologic lithologic end member that optimized model fit was
end members (Kf and Keore) were calibration variables, identical to the mean value obtained from interpreta-
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Table 2. Statistical summary of distribution of texture of Table 3. Hydraulic conductivity evaluated from slug tests
Coast Ranges alluvium and Sierran sand using method of Cooper and others (1967)

[Well: Letter and number before hyphen identifies cluster site. Number
following hyphen identifies wells completed at different depths. Wells

Number Coefficient perforated either in sandy intervals of Coast Ranges alluvium or Sierran
Model of Mean Starldard of sand. Location of wells is shown in figure 7. f-t, foot; in., inch; ft/s, foot
layer cells deviation variation per second]

Coast Ranges alluvium

1 477 17.8 19.0 1.76 Well Well Perforation Hydraulic
2 454 31.3 23.0 .73 Well depth diameter length conductivity
3 429 31.7 20.9 .66 (f-t) (in.) (ft) (ft/s)
4 392 31.1 20.0 .64
5’ 291 21.7 12.2 .56 Coast Ranges alluvium (sandy intervals)

Sierran sand M1-2 65 6 10 5.0x10-~

1 53 31.7 18.7 0.59 M2-2 79 6 10 3.7x10-~

2 76 59.0 23.2 .39 M2-3 99 6 10 1.1xl04
3 101 56.7 24.5 .43 M2-4 375 6 10 1.2x10"s
4 138 54.3 20.0 .37 M3-2 200 6 10 5.6x10"~
5 239 48.9 20.7 .42 M3-3 50 6 10 8.9x104

MBS-28 20 2 10 4.6x10"~
MDS-28 20 2 10 9.3x10"~

tion of slug-test data if arithmetic averaging was used P3-1 20 2 5 1.2x10~
in the horizontal direction and harmonic averaging P3-2 88 2 5 9.1x10"~
was used in the vertical direction. Thus, the hydraulic P4-3 109 6 I0 8.3x10-~

conductivities of the two coarse-grained lithologic P4-4 500 6 10 9.4x10~

end members were evaluated from slug-test data ob- P4-5 208 6 10 4.6x104
P4-6 90 2 10 1.6x10-6

tained from 25 wells drilled at 10 well cluster sites by
P5-1 300 6 10 1.3x10"~

the U.S. Geological Survey (fig. 7, table 3). Each P6-2 345 6 10 7.9x10"~
well has a 5- or 10-ft perforation length and sand P6-3 288 6 10 8.9x10"~
pack, the screened interval is entirely within sandy
deposits, and the holes are grouted from the sand Mean ...................... 3.6x104

pack to the land surface (Phillips and Belitz, 1991).
Sierran sandInterpretation of the slug-test data (table 3), using the

method of Cooper and others (1967), indicates that MI-1 125 6 10 1.9x10"4
Kc_cr ranges from 1.6x10"6 to 1.2x10-3 ft/s with a M1-3 262 6 10 1.7x10s
mean of 3.6x104 ft/s (17 wells), and that Kc.s ranges M1-4 482 6 10 1.6x10"s
from 8.9x10"5 to 2.9x10-3 ft/s with a mean of 1.2x10-3 M2-6 570 5.75 10 8.9x10"~
ft/s (8 wells). On the basis of the results of Phillips PI-1 65 6 10 2.9x10-s

and Belitz (1991), the mean values for Kc_cr and Kc_s P1-3 250 6 10 2.3x10"s

were used in the transient model; the need to discrim-P1-4 410 6 10 4.2x10*

inate between Kc_cr and Kc_s is addressed in a later P3-3 347 6 10 4.8x104

discussion on the sensitivity of the model. Mean ...................... 1.2x10"s
The hydraulic conductivities of the fine-grained

lithologic end members (Kf and Kcore) were calibration
variables. For the purposes of comparison, it is usefulstudy area. The leakance between layers 3 and 4 of the
to compile values determined in previous studies. Phil-Williamson and others (1989) model incorporates the
lips and B elitz (1991 ) determined that Kf was 5.4x 10-7thickness of the Corcoran Clay Member with the thick-
ft/s and Keorc was 8.3 x 10-9 ft/s if arithmetic averaging ness of dislributed clay present between the midplanes
was used in the horizontal direction and harmonic av-of the layers. If the calibrated leakance values reflect
eraging was used in the vertical direction. Another the influence of the Corcoran Clay Member only, then
estimate of Kcorc can be made from the vertical leak- the hydraulic conductivity of the 16 cells ranges from
ance of the 16 cells in the model of Williamson and 2.9x10-10 to 2.6x10-8 ft/s, with a mean of 4.8x10-9 ft/s.
others (1989) that approximately coincide with the If the calibrated leakance values reflect the cumulative
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thickness of distributed clays as well as the influenceTransmissivity of the Confined Zone
of the Corcoran Clay Member, then the hydraulic con-
ductivity ranges from 6.9x10-10 to 8.6x10-8 ft/s with a Although the transmissivity of the confined zone
mean of 1.7x10-8 ft/s. In a subsequent section, these (Tconfined) was a calibration parameter, three prelimi-
estimates are compared with the values determined bynary estimates can be made. One estimate can be
calibration of the transient model, made by examining the transmissivity of the 16 cells
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Figure 7. Location of well cluster sites used for model calibration, slug tests, and selected hydrographs.
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in the model of Williamson and others (1989) that2.7×10-6 per foot, a value that is consistent with the
approximately coincides with the study area. Theconclusions of Williamson and others (1989). Thus, a
total transmissivity of layers 2 and 3 of the William-value of 3.0× 10-6 per foot was used in all layers of
son and others (1989) model (approximately equiva-the simulation model; the thickness of the confined
lent to the confined zone) ranges from 0.02 to 0.12zone was assumed to be 1,000 ft, and the storage co-
ft2/s with a mean of 0.05 ft2/s, efficient for the confined zone was 0.003.

Davis and Poland (1957, p. 429) evaluated the
transmissivity of the confined zone in an area south
of the study area (T. 19 S., R. 18 E., and the northernSpecific Yield
part ofT. 20 S., R. 18 E.). Their estimate was based
on the recovery of water levels in 54 wells during a Specific yield (Sy) was a calibration parameter;
3-month period in 1926. Davis and Poland (1957) however, some data are available to make some pre-
estimated transmissivity at 120,000 (gal/d)/ft (0.19liminary estimates. In an area with a rising water
ft2/s), table and in the presence of plants, a maximum value

A third estimate of the transmissivity of the of specific yield can be defined as the difference be-
confined zone can be made by using the thicknesstween the total porosity and the permanent wilting
and textural data of Williamson and others (1989)point, which can be defined as the moisture content
and hydraulic conductivity data presented earlier,at 15 bars of tension (Hillel, 1980). Lord (1988)
The total thickness of layers 2 and 3 in the 16 cellsevaluated moisture characteristic curves for two
of the Williamson and others (1989) model rangescores of Panoche clay loam taken from the upper 5 ft
from 570 to 2,460 ft with an average of 1,471 ft. Theof the soil profile (Panoche clay loam is a fine-
texture of layers 2 and 3, where reported, ranges grained soil present across a large percentage of the
from 38 to 44 percent coarse grained with a meanstudy area). The moisture content at 0.0, 0.1, and 15
value of 41 percent. Given these values of texturebars of tension for one of the cores was 0.53, 0.37,
and assuming that K = 3.6xi0-4 f-t/s (the mean valueand 0.12, respectively. The moisture content at 0.0,
of the sandy intervals of the Coast Ranges alluvium,0.1, and 15 bars of tension for the other core was
table 3), the transmissivity may range from 0.09 to0.60, 0.43, and 0.17, respectively. Given these val-
0.37 ft2/s with a mean of 0.22 ft2/s. If K is assumedues, the specific yield in the presence of plants may
to be 1.2x10"3 ft/s (the mean value of Sierran sand,be as high as 0.41 and 0.43.
table 3), the transmissivity may range from 0.30 to In the absence of plants, specific yield can be
1.23 ft2/s with a mean of 0.73 ft2/s. In a subsequentevaluated theoretically if one knows the moisture
section, we compare these estimates to the value de-characteristic curve and if one assumes no flow of
termined by calibration of the model, moisture in the profile (Hillel, 1980). A theoretical

analysis of Panoche clay loam (see appendix A, eq.
28) indicates a specific yield of 0.20 when the water

Spocific Slorage table is 10 ft deep, 0.25 when the water table is 20 ft
deep, and 0.31 when the water table is 100 ft deep.

Simulation of a Ixansient flow system requiresThe actual specific yield will differ from the theoreti-
specification of specific storage (Ss). Williamson andcal values if there is movement of water in the pro-
others (1989) reviewed the work of Poland (1961),file, if the porosity at depth is different from the
Riley and McClelland (1972), and Helm (1978) tovalues measured by Lord (1988), or if the moisture
evaluate the specific storage of deposits in the Sancharacteristic curve for deposits at depth differs from
Joaquin Valley. The data compiled by Williamsonthat of Panoche clay loam.
and others (1989) indicate a range in specific storageIf there was flow of water in the profile, the cal-
from 0.7x 10-6 per foot for coarse-grained sedimentculated values of specific yield would differ from val-
to 7.5x10"6 per foot for fine-grained sediment. Theyues based on an assumption of no flow. In areas of
concluded that a reasonable value of specific storagedownward flow, the hydraulic head above the water
for deposits in the San Joaquin Valley is 3.0x 10-6 pertable would be higher than if there were no flow.
foot. Ireland and others (1984) calculated values ofGiven higher head, the tension would be lower and
specific storage at seven sites ranging from 1.9x10"6the moisture content would be higher. Thus in the
to 3.9x10-6 per foot. The mean of the seven sites is areas of downward flow, specific yield would be
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Table 4. Water-budget data for 1980
[Irrigation efficiency based on application: Computed if surface water is greater than irrigation. Irrigation requirement equals crop-water requirement
divided by irrigation efficiency. Ground-water pumpage equals irrigation requirement minus surface-water delivery. Ground-water recharge equals irriga:
tion requirement minus crop-water requirement, or surface-water delivery minus crop-water requirement, whichever is greater, ft, foot; nc, not calculated]

Irrigation
Crop- efficiency Irrigation Surface- Ground- Ground- Irrigation

Subarea water based on require- water water water efficiency
(fig. 8) require- depth to ment delivery pumpagerecharge based on

ment water table (ft) (ft) (ft) (ft) application
(ft) (percent) (percent)

Firebaugh ....................... 1.88 80 2.35 2.63 0 0.75 71
Tranquillity ...................... 1.97 70 2.81 2.51 .30 .84 nc
Panoche ........................ 1.52 73 2.08 2.48 0 .96 61
Broadview ...................... 1.97 79 2.49 2.75 0 .78 72
San Luis ........................ 1.47 65 2.26 1.86 .40 .79 nc

Westlands
Depth to water table

Less than or equal to 10 ft ........1.84 80 2.30 1.90 .40 .46 nc
Greater than 10 ft and less

than or equal to 20 ft ..........1.91 72 2.65 2.19 .46 .74 nc
Greater than 20 ft

With surface-water delivery .....1.74 65 2.68 2.43 .25 .94 nc
Without surface-water delivery ... 1.60 65 2.46 0 2.46 .86 nc

lower than in areas of no flow; specific yield calculat-budget, including recharge and pumping, for nine
ed under an assumption of no flow is an upper bound,subareas containing all or parts of 11 water districts

The porosity of deposits at depth was examined(fig. 8, table 4). Three of the subareas contain all or
by Johnson and others (1968), who summarized a part of a single water district (Panoche, Broadview,
large number of porosity determinations for three and San Luis), two of the subareas containall or
cores from the Los Banos-Kettleman City area. Po- parts of several water districts (Firebaugh consists of
rosity for fine-grained materials (sand, silt, clay, clay-alI or parts of the Mercy Springs, Eagle Field, Oro
ey silt, sandy silt, silty clay) ranges from 31 to 56 Loma, Widren, and Firebangh Water Districts, and
percent with a mean of 42 percent. Porosity for the Tranquillity subarea consists of all or parts of the
coarse-grained materials (sand, clayey sand, silty Fresno Slough and Tranquillity Water Districts), and
sand) ranges from 28 to 50 percent with a mean of four of the subareas are subdivisions of the West-
41 percent. These mean porosities are lower than thelands Water District. The four subareas within West-
porosity of the two cores analyzed by Lord (1988), lands were defined on the basis of depth to the water
which had porosities of 0.53 and 0.60. In the absencetable and the availability of surface water. A tenth
of plants and considering the effects of downward subarea, the Mendota Wildlife Refuge, was assumed
flow and decreased porosity with depth, specific to have no active recharge or pumpage. Recharge
yield of fine-grained deposits at depth should be and pumping, although variable between subareas,
lower than 0.25 (depth to water table 25 ft deep) to were assumed constant within subareas.
0.30 (depth to water table 100 ft deep) and may be Gronberg and Belitz (1992) compiled water
lower than 0.15 to 0.20. In a subsequent section, budgets for the nine subareas for 1980 and 1984
these estimates are compared to the value determinedwater years. They noted that 1980 was a typical year
by calibration of the model, with respect to crops planted, weather, and surface-

water delivery and that 1984 had a higher than aver-

Recharge and Pumping age crop-water requirement and higher than average
surface-water delivery. Because 1980 was an average

Gronberg and Belitz (1992) used a crop-based year, we used the 1980 water budget (table 4) to rep-
approach to evaluate the components of the water resent the entire simulation period (1972-88).
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Gronberg and Belitz (1992) used the vertical dis- aries, the presence or absence of Sierran sand (Miller
tribution of well perforations above and below the and others, 1971), and a map of the distribution of
Corcoran Clay Member to evaluate the percentage of pumping presented by Bull and Miller (1975). The
ground-water pumpage from the semiconfined and data base and the methods used to evaluate the water
confined zones. They identified 10 subareas for analy-budget and the distribution of ground-water pumping
sis (fig. 9, table 5) on the basis of water-district bound-are described by Gronberg and Belitz (1992).

120045, 120030’ 120°15’
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WATER-BUDGET [] Joaquin
SUBAREAS

1 Firebaugh

2 Tranquility
3 Panoche
4 Broadview

5 San Luis
36°30’ 6 Wesflands

Depth to water table
6a Less than or equal to 10 feet
6b Greater than 10 feet and less than or equal to 20 feet

Greater than 20 feet Five
6e with surface-water delivery ~ Points []
6d Without surface-water delivery

7 Mendota Wildlife Refuge

BOUNDARIES

~ Valley deposits
Study area
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Figure 8. Water-budget subarea boundaries.
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Drains tem, by examining the relation between drainflow
and depth to the water table. Equation 7 can be

Incorporation of linear functions to representrewritten in terms of depth rather than altitude and
drains (eq. 7) requires specification of the altitudecan be generalized from a model cell to a drainage
and conductance of the drains. These two values
can be evaluated for a given model cell, or for a

system:

set of model cells within a common drainage sys- QD - C (DTdr~n - DTW), (12)

120045’ 120°30’ 120°15’
/

6d

EXPLANATION
PUMPING SUBARF_.AS 2 San

1 Firebaugh
~ I~ Joaquin2 Tranquility

~C

3 Panoche
4 Broadview
5 San Luis
6 Westlands

Sierran sand present
6a No~36030’                                                                                                                         --
6b Middl~
6e South

Sien’an sand absent
6d With surface-water delivery o Five
6e without surface-water ddivery Points []

7 Mendota Wildlife Refuge

BOUNDARIES

~ Valley deposits

Study area

Subarea

0 5 10 MILES
I

0 5 10 KILOMETERS

Figure 9. Subareas used for evaluating vertical distribution of ground-water pumpage.
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Table 5. Summary of percentage of ground-water pumpage by subarea

Subarea Number Sierran Pumpage (percent)
(fig. 9) of sand Above Corcoran Below Corcoran

wells Clay Member Clay Member

Firebaugh ........................... 15 Present 95 5
Tranquillity .......................... 6 Present 73 27
Panoche ............................ 39 Absent 2 98
Broadview .......................... 7 Preseqt 18 82
San Luis ............................ 18 Absent 5 95

Westlands
North ........................... 11 Present 35 65
Middle .......................... 20 Present 30 70
South ............................ 51 Present 63 37

With surface-water delivery ............291 Absent 6 94
Without surface-water delivery .........34 Absent 5 95

where Within the area underlain by the regional-
QD = total drainflow (L3/t), collector system, 90 wells are monitored on a quar-

C = average or effective conductance of theterly basis (fig. 10). The wells are fully slotted PVC
drain/aquifer system (L2/t), pipe (1 inch diameter) and are typically drilled to a

DTdrain = average or effective depth to the drainsdepth of 20 ft. For the period in which the region~.l-
(L), and collector system was fully operational, 19 months of

DTW = average or effective depth to the waterwater-level and drainflow data are available. The av-
table (L). erage depth to water was calculated for the 90 wells

for each of the 19 months. The volumetric flow rateEquation 12 can be used to evaluate conductance and
for the entire regional-collector system then was re-depth to a drain or drainage system from the slope

and intercept of the relation between total drainflowgrossed against the monthly average depth to water.
The resulting relation is

(QD) and average depth to the water table (DTW).
The altitude of a drain then can be evaluated givenQD ~ 37.5 - 3.71 DTW = 3.71 ( 10.1 - DTW). (13)
the altitude of the land surface in a model cell. Equation 13 predicts an average drain depth of 10.1

In the Westlands Water District, regional- ft, a value that is consistent with the actual depth of
¯ collector drains were installed in an area of aboutthe drains (7 to 11 ft). Therefore, for the 69 model

42,000 acres (about 67 mi2) (fig. 10). The regional- cells representing the area serviced by the regional-
collector system consists of concrete pipes with opencollector system, the altitude of the drains was speci-
connections, installed at depths ranging from 7 to 11fled 10.1 ft lower than land-surface altitude. Conduc-
ft, typically running west to east and at a spacing oftance (C) of the drains at a regional scale was
0.5 mi. Within the 42,000-acre area, on-farm collec-distributed uniformly among the 69 cells, that is,
tors also were installed beneath an area of about C "-- 3.71/69 = 0.054 ft2/s for each model cell.
5,000 acres (Wesflands Water District, written corn- North of the Westlands Water District, about 67
mun., 1985). The regional-collector system was mi2 is underlain by on-farm drainage systems (fig.
opened in 1980 but was closed in 1985 because of10). The on-farm drains are at shallower depths (6 to
high concentrations of selenium in the drainwater.8.4 ft) and at closer spacing (average spacing 260 to
From 198I to 1984, the total volumes of drainflow530 ft) than the regional-collector drains (table 6).
were 7,150; 6,327; 8,287; and 5,986 acre-ft, respec-Lord (1988), as part of a study of irrigation manage-
tively (Westlands Water District, written commun.,ment and controlled drainage, monitored daily water
1985). Drainflow per acre was 0.17; 0.15; 0.20; andlevels and drainflow on an irregular schedule in three
0.14 ft/yr from 1981 to 1984, respectively, fields with on-farm drains (fiR- 10). Total drainflow
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for each of the three fields was regressed againstsuggests a representative depth to drains of 7.3 ft and
depth to water in wells located midway between a representative conductance of 0.52 ft2/s. A drain
drain laterals. The results of the regression analysisdepth of 7.3 ft is within the range of the measured
(table 6) indicate that the depth to the on-farm drainsdepth to drains, and the conductance value for the
ranges from 6.5 to 7.8 ft and conductance rangeson-farm drains, nearly 10 times as high as that for
from 0.31 to 0.65 ft21s. The average of the three sitesthe regional-collector dr~s, is consistent with the

120045, 120030’ 120°15’

36"45’

[] Joaquin

EXPLANATION
36030,                                                                                                                        --

AREA UNDERLAIN BY

On-farm drains

~ Regional-collector system
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~ BOUNDARY OF VALLEY DEPOSITS

~ MODEL BOUNDARY ’

~1 P2 JM LORD (1988) FIELD SITE

o ’~fELL
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Figure 10. Location of drainage-system subareas, wells in and around area underlain by regional-collector system, and
field sites used by Lord (1988).
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Table 6. Drainage-system characteristics and regression parameters
[ft, foot; ft2/s, square foot per second]

Characteristics Regression
Drainage Drain Depth to Depth to
system Area spacing drains Conductance drains

(acres) (ft) (f-t) (f-t2/s) (ft)

Regional collector 42,000 2,640 7 to 11 0.054 10.1 0.52

On-farm (Lord,
1988)
P1 92 260 to 1,365 6.8 to 8.4 .65 7.8 .66

(average = 530)

P2 149.9 400 to 560 6 .60 6.5 .67
(average = 427)

B 10 145.5 260 6.2 to 6.9 .31 7.7 .59

closer spacing of the on-farm drains. These values extinction depth of 7 ft and a maximum bare-soil
were specified for the 67 model cells representing theevaporation rate of 1.0 ft/yr at the land surface up-
area serviced by on-farm drains, proximates the exponential function closely within

the depth range 4 to 7 ft (fig. 11).

Bare-Soil Evaporation
Head-Dependent Boundary Condition

Using a linear function to simulate bare-soil
evaporation (eq. 8) requires specification of the max- Using a head-dependent boundary condition (eq.
imum bare-soil evaporation rate (QEmax), the altitude 10) along the northeastern and eastern boundaries of
of the surface at which the maximum rate occurs the study area requires specification of the conduc-
(Zref), and the extinction depth (Dext). These were tance of the deposits along these boundaries and the
selected on the basis of a theoretical analysis of bare-externally specified hydraulic heads in adjacent
soil evaporation from Panoche clay loam, the pre- areas. Estimating conductance of a single model cell
dominant soil type in the study area (Harradine, along a boundary requires values for the area of the
1950) (appendix B). For Panoche clay loam, bare-
soil evaporation from the water table can be approxi-
mated with the equation 6 /

E ,= 32.0e-0"96L, (14) tu" 51

-4where
E = bare-soil evaporation rate (ft/yr) and z ~" Exponential function
L= depth of water table below evaporation

surface (ft).
~O                                ~2

Figure 11 illustrates the bare-soil evaporation
z linear approximationrate as a function of depth to the water table. A tu - 1

linear approximation of equation 14 can be accurate
only for a limited depth range. Because the water 0 I I
table in the central part of the western San Joaquin 0 1 2 3 4    5 6    7 8

Valley is rarely shallower than 4 ft, depths greater DEPTH TO WATER TABLE, IN FEET
than 4 ft need to be approximated in equation 14. AFigure 11. Bare-soil evaporation as a function of water-
linear approximation of equation 14 using an table depth.
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cell face adjacent to the boundary, the hydraulic con-lation between two of them (Kf and Keore) was con-
ductivity of the deposits between the cell and the ex-strained by optimizing a steady-state model of the
ternally specified head, and the distance between thesemiconfined zone, thus reducing the number of in-
cell and the externally specified head (eq. 11). dependent variables in the transient model from four

In the semiconflned zone, the hydraulic head into three. The transient model was then calibrated as a
adjacent areas and the distance between the cell andfunction of the remaining three variables.
the externally specified head were evaluated from the
data base compiled by Gronberg and others (1990).
Examination of water levels of wells along the north-Staady-Stata Calibration

eastern and eastern boundaries for 1976, 1980, and In the steady-state phase of calibration, the
1984 indicated a typical head value of 125 ft at a known parameters were the geometry of the ground-
distance of 2 mi. In the confined zone, the hydraulicwater flow system, the distribution of texture, the lo-
head in adjacent areas was specified on the basis ofcation of the contact between coarse-grained deposits
measured lateral gradients for 1972, 1976, 1980, andderived from the Coast Ranges and those derived
1984 (Ireland and others, 1984; Westlands Water Dis-from the Sierra Nevada, the hydraulic conductivitiestrict, written commun., 1987; and California Depart- of coarse-grained sediment derived from the Coast
ment of Water Resources, written commun., 1987).

Ranges and Sierra Nevada (Ke.cr and Ke_s, respec-Inspection of the maps indicated that a head value oftively), the altitude of the water table and confined
125 ft at a distance of 10 mi generally would respectzone heads (specified-head boundaries), and the ex-
the measured gradients for the confined zone. ternally specified heads and the conductance along

Evaluation of conductance of each cell along thethe northeastern and eastern boundaries 0aead-boundaries was based on the geometry of the modeldependent boundary condition). The unknown pa-
(cell width multiplied by cell thickness) and the tex- rameters were the hydraulic conductivities of the two
ture and source area of the deposits along the bound-fine-grained lithologic end members (Kf and Kcorc).aries. The semiconfined zone was divided vertically Phillips and Belitz (1991) presented a method
into five layers. Along the northeastern and eastern for optimizing a steady-state model of the semicon-boundaries, the uppermost layer (layer 1) consists fined flow system in the central part of the San
primarily of flood-basin clays; therefore, head-

Joaquin Valley if there were three lithologic enddependent boundaries were not specified for layer 1.members: coarse-grained deposits (Ke), fine-grainedIn the lower four layers of the semieonfined zone,
deposits (Kf), and the Corcoran Clay Memberthe deposits between the boundaries and the external-

ly specified heads are primarily Sierran sand; there- (Keore). The method of Phillips and Belitz (1991) can
be used if the four hydraulic conductivities of the

fore, the hydraulic conductivity was calculated by
present model (Ke_er, Ke_s, Kf, and Keore) are reducedassuming a texture of 0.65 (a value representative of
to three. This can be done if we define Kc = Kc_cr,Sierran sand in the valley trough) and a hydraulic

conductivity of 1.2x10"3 ft/s (the mean value deter-and if we fix the ratio of Kc.slKc_cr. Slug testing of
U.S. Geological Survey wells indicates that the meanmined from slug-test data; table 3). In the confined
value of Kc_s is 3.2 times as large as the mean valuezone, hydraulic conductivity was calculated by divid-
of Kc.er (table 3). Thus, Ke = Kc_er = Kc_s/3.2.ing the transmissivity of the confined zone (a calibra- "

Following the procedure of Phillips and Belitztion variable) by 1,000 ft (the assumed thickness of
(1991), the remaining three parameters (Ke, Kf, andthe confined zone). Kcorc) can be reduced to two dimensionless parame-
ters:

MODEL CALIBRATION K’ ,,, Kc/Kf, (15)
K" = K /K (16)A numerical model of the ground-water flow e core"

system in the central part of the western San JoaquinThe two dimensionless parameters incorporate two
Valley requires several model parameters to be speci-known variables (Kc.cr and Kc_s) and two unknown
fled. Most parameters were estimated independently variables (Kf and Kcorc). This is in contrast to Phillips
of the model; four parameters, however (Kf, Kcore, and Belitz (1991) in which the two dimensionless pa-
Sy, and Tconfined), were calibration variables. The re- rameters incorporated three unknown variables (Ke,
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Table 7. Location of U.S. Geological Survey well cluster sites used in calculating estimated values of head in model cells
[Well cluster site: Site where two or more observation wells installed at different depths, ft, foot]

Cluster Perforated interval Lowermost cell penetrated by a well
site State No. Shallow well Deep well Row Column Layer(fig. 7) (ft) fit)

F1 13S/132-28A 88-89 193-203 12 11 4
P1 13S/152-31J 22-27 400-410 20 18 5
P3 14S/14E-10A 13-18 332-342 19 15 4
M1A 15S/15E-9D 20-25 55-65 26 15 2
MIB 15S/152-9D 55-65 472-482 26 15 5
P4 14S/I 32-24N 62-67 490-500 18 9 5
M2 15S/14E-10A 69-79 365-375 24 11 5
M3 15S/13E-I 1B 35-45 370-380 20 7 4

Kf, and Kcorc). The use of the dimensionless parame-and then the calculated gradient and the estimated al-
ters in the present investigation is for consistencytitude of the water table (1984) were used to calcu-
with the previous work of Phillips and Belitz (1991).late an adjusted value of head at the midpoint of the

The steady-state model was then run as a func-deepest cell penetrated by a well. At the M1 site,
tion of the two dimensionless parameters, K’ and K".contact between the Coast Ranges alluvium and the
For each individual run of the model, two statisticsunderlying Sierran sand is at a depth of 85 ft. Two
were calculated: values of adjusted head were calculated for the M 1

site: one at the deepest cell consisting of Coast

ii.~1

2 Ranges alluvium and the other at the deepest celln (hmeas - hsira) i
RMSE =, , (17) consisting of Sierran sand. Optimization of the

n model using adjusted values of head at the deepest
n model cells should reproduce the overall vertical

~ (18) hydraulic-head gradient measured in the semicon-BIAS - (hmeas - hsim ) i ’ fined zone but may not necessarily reproduce thei-I
gradients between individual wells at each of the

where well cluster sites (the vertical hydraulic-head gradi-
RMSE = root mean square error,
hmeas = measured head,

ent generally is not linear).
Given the adjusted values of head, the model

hsim = simulated head, was systematically run as a function of K’ and K".
i = summation index, and Figure 12 shows contour plots of RMSE and BIAS
n = number of measurements.. for a set of model runs in which K’ and K" each

To compare simulated and measttred conditions,range more than five orders of magnitude. Along the
water levels for wells were adjusted to values repre-axis of the valley, of the contoured RMSE surface, the
sentative of model cells. Adjusted values of headRMSE ranges from 13.5 to 14.7 ft; the associated
were calculated for eight model cells at seven loca-BIAS ranges from -1.5 to +0.5 ft.
tions in the study area (fig. 7, table 7); each locationPhillips and Belitz (1991) reported a RMSE and
corresponds to a U.S. Geological Survey well clusterBIAS of about 19 ft and -5 ft, respectively. The lower
site where several wells were drilled to different values in this investigation are the result of (1) a
depths. At each well cluster site, an adjusted value ofmore accurate map of the altitude of the water table
head was calculated for the deepest model cell (with-in 1984 and (2) a more careful selection of observa-
in the semiconfined zone) penetrated by a well. Thetion wells. The existence of a valley of minimum
adjusted value of head was calculated as follows: theRMSE indicates that a unique solution to the bound-
vertical hydraulic-head gradient between the shallow-ary value problem does not exist; many solutions
est well (typically a water-table well) and the deepestoptimize model fit with respect to head. However, the
well within the semiconfined zone was calculated,existence of a valley of minimum RMSE can be used
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in finlJaer calibration of the model. If a value of K" is Transient Calibration
specified (that is, if Kc and Kcorc are specified), then
figure 12A can be used to select a value of K’ that The transient mode! was calibrated as a function
minimizes RMSE (that is, Kf is uniquely determined), of three unknowns: specific yield (Sy), hydraulic con-
Because Ke_cr and Kc_s are specified in the transient ductivity of the Corcoran Clay Member (Kcorc), and
model, one need only calibrate for either Kcorc or Kf. the transmissivity of the confined zone (Tconfined). A
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Figure 12. Root mean square error and bias mapped as a coarse-grained material, Kf is hydraulic conductivity of fine-
function of two dimensionless parameters, K’ and K". A, grained material, and Kcorc is hydraulic conductivity of the
Root mean square error. B, Bias, the sum of measured val- Corcoran Clay Member of the Tulare Formation of Pleisto-
ues minus simulated values. Kc is hydraulic conductivity of cene age. Logarithms are base 10.
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fourth unknown, the hydraulic conductivity of fine-(0.19 ft2/s) and with the estimate of transmissivity
grained deposits (Kf), was uniquely determined bybased on the thickness and textural data of William-
minimizing the root mean square error for given val-son and others (1989), along with the assumption that
ues of Kc.er and Kcore (fig. 12A). Three measures ofK = 3.6x 10-4 ft/s (Tconfined = 0.22 ft2/s).
the state of the ground-water flow system were used
in calibrating the model: Change in water-table alti-
.tude from 1972 to 1984, change in confined zoneCOMPARISON OF SIMULATED AND
head from 1972 to 1984, and a time-series record MEASURED CONDITIONS
(1972 to 1988) of the number of model cells in
which the water table is within 7 ft of the land sur- The ability of the transient model to reproduce
face and therefore is subject to bare-soil evaporation,measured conditions can be evaluated by examining
Bare-soil evaporation was evaluated for luly and Oc-six measures of the state of the ground~water flow
tober conditions. These three measures of the state ofsystem. Three of the measures (change in water-table
the ground-water flow system were used to calibratealtitude, confined zone head, and bare-soil evapora-
for the three unknown variables, tion) were used to calibrate the transient model. Two

In calibrating the transient model, the followingadditional measures provide a "snapshot" of the sys-
observations were made: (1) changes in Sy affectedtern: depth to the water table in 1984 and distribution
the change in water-table altitude and bare-soil of model cells subject to bare-soil evaporation in
evaporation; (2) changes in Keore affected bare-soil1984 (cells with depth to the water table within 7 ft
evaporation but had little effect on the change inof land surface). The sixth measure is a set of time-
water-table altitude (note: bare-soil evaporation isseries hydrographs (1972-88) of water-table altitude
sensitive to changes in water-table altitudes of lessand confined zone head.
than 0.5 ft); (3) for a given value of Sy, an increaseLimitations in both space and time should be
or decrease in Kcore resulted in a decrease or increasenoted when evaluating the transient model. Although
in bare-soil evaporation, respectively; (4) changes inthe model was discretized into cells 1 mi square,
Tconfined had little to no effect on the semiconfinedmany of the variables incorporated into the model
flow system; (5) the change in confined zone headwere evaluated on a larger scale. For example, water-
could be calibrated as a function of Tconfined. Thus,budget components (recharge and pumping) were es-
the model first was calibrated for Sy (using the timated for subareas ranging in size from 16 to 155
change in water-table altitude and bare-soil evapora,mi2. Although an annual time increment was used in

t.ion as indicators of fit), then for Kcore (using bare-the model, the specified fluxes (recharge and pump-
soil evaporation as an indicator of fit), and finally foring) were constant with time. These simplifications
Tcontined (using the change in confined zone head asfor space and time indicate that one should be cau-
an indicator of fit). tious in evaluating system response for short time pe-

A satisfactory match between simulated and riods (for example, yearly) and for small areas (for
measured conditions was obtained when Sy was 0.30example, smaller than subareas).
in layer 1 and 0.20 in layers 2 to 6, Keore was In evaluating the transient model, it also is im-
6.0x10-9 ft/s (Kf = 4.6x10"8 ft/s), and Teontined was portant to note the limitations of the data against
0.20 ft2/s. The calibrated values of Sy are consistentwhich the model is being compared. For example, in
with the values discussed previously: a value of 0.30areas where the water table is more than 20 ft below
in layer 1 is consistent with Sy in the presence ofland surface, the data base is relatively sparse, and
plants (0.30) and a value of 0.20 in layers 2 to 6 isthe .measured altitude and depth of water table should
consistent with the values indicated by equilibriumbe viewed as an estimate. The confined zone heads
drainage in a compacted core (0.20). The calibratedwere mapped with a contour interval of 25 ft (Ireland
value 9of Keore (6.0x10" ft/s) is consistent with theand others, 1984; Westlands Water District, written

9 8mean values (4.8x 10- to 1.7x 10- ft/s) deduced fromcommun., 1987; and California Department of Water
the model results of Williamson and others (1989).Resources, written commun., 1987); when examining
The calibrated value of Tconf!0ed (0.20 ft2/s) is higherchanges in confined zone head, the resu]ting map
than the upper bound (0.12 ft=/s) of the 16 cells in themay have an error on the order of the contour inter-
model of Williamson and others (1989) but is consis-val: Areas subject to bare-soil evaporation are defined
tent with the estimate of Davis and Poland (1957)as those areas where the water table is within 7 ft of
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land surface. This definition depends on measured al- In maps of the changes in water-table altitude
titude and depth of the water table and therefore from 1972 to 1984 (fig. 13), there is a large area
should be viewed as an estimate. Other aspects of the where the measured water-table change was less than
data base that are relevant for comparison of simulat- 10 ft (generally, the distal-fan areas and interfan
ed and measured values are included in the discus- areas) and a relatively small area (fanhead of the
sion that follows. Panoche Creek alluvial fan) where the water-table
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Figure 13. Change in water-table altitude, 1972-84. A, Measured. B, Simulated.
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change was more than 50 ft. The relatively small Comparison of figures 13A and 13B qualitatively"
change in water-table altitude in the distal and inter-demonstrates the ability of the model to reproduce
fan areas is due to a water table that typically is the change i’n water-table altitude that occurred from
within 10 ft of the land surface in these areas. Where 1972 to 1984.
the water table is shallow, evapotranspiration and Thedegree to which the transient model repro-
drains tend to suppress additional water-table rise. duces changes in water-table altitude can be assessed
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Figure 13. Continued.
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Table 8. Mean and standard deviation of water-level changes, 1972 to 1984
[Mendota Wildlife Refuge (22 model cells) not included in analysis, ft, foot]

Number Difference (measured
Measured Simulated minus simulated)Subarea of water-

(fig. 8) table Standard Standard Standard
ceils Mean deviation Mean deviation Mean deviation

(ft) (ft) fit) fit) (ft) fit)

Firebaugh ..................... 73 3.7 9.0 3.6 8.3 0.1 4.1
Tranquillity ........; ........... 30 9.2 9.8 21.3 13.3 -12.1 8.4
Panoche ...................... 48 6.8 13.4 10.7 11.1 -3.9 10.2
Broadview .................... 16 4.2 5.8 4.4 7.2 -.2 2.4
San Luis ...................... 17 28.0 20.2 12.1 14.6 15.9 17.8

Westlands Water District
Depth to water table

Less than or equal to 20 ft,
drained ................. 69 2.2 5.4 .5 4.2 1.7 3.6

Less than or equal to 20 ft,
undrained ................70 7.8 8.9 5.5 7.4 2.3 9.3

Greater than or equal to 20 ft ... 185 20.9 26.4 21.1 23.1 -.2 24.9

Model . . -. .................... 530 11.5 19.3 11.1 17.7 .4 16.7

Change in confined zone
head, 1972-84 ................530 119.7 58.2 101.2 52.4 18.6 25.0

by examining relevant summary statistics (table 8). table altitudes rather than the simulation as many
For the model as a whole, the mean change in esti-wells are perforated in Sierran sand and may not ac-
mated water-table altitude was I 1.5 ft; the mean sim-curately reflect water-table altitudes in the overlying
ulated change was 11.1 ft. A cell-by-cell comparisonflood-basin deposits. Generally, the model is better
of water-level change indicates a mean error of 0.4 ftable to reproduce changes in water-table altitude for
with a standard deviation of 16.7 ft. These statistics large areas than for small areas.
indicate that the model is accurate at the regional The transient model was able to reproduce the
scale but not at the cell-by-cell scale. The inaccuracylarge variation (10, 20, 50, 100, 200, and 400 ft) in
of the model at the cell-by-cell scale (standard devia-depth to the water table for October 1984 (fig. 14).
tion of 16.7 ft) is the same order of magnitude as theThe eastern part of the study area is underlain by a
deviations of the estimated cell-by-cell changes fromwater table within 20 ft of land surface, and the
the mean change (standard deviation of 19.3 ft). western part is underlain by a water table more than

The ability of the transient model to reproduce 50 ft below land surface. The ability of the transient
water-level changes varies from subarea to subarea, model to reproduce the depth to the water table for
The model generally does well in the Firebaugh, 1984 is a result of the model’s ability to reproduce
Broadview, and Westlands subareas, but does not dothe change in water-table altitude from 1972 to 1984
as well in the Panoche, San Luis, and Tranquillity (fig. 13). !
subareas. In the Panoche subarea, considerable recy- Generally, the water table is shallowest in July
cling of water in this subarea made it difficult to ac- during the irrigation season and deepest in October
curately estimate recharge and pumpage for the after the harvest. The 122 filled circles in figure 15
water budget (Gronberg and Belitz, 1992). In the Sanindicate areas where the water table is within 7 ft of
Luis subarea, altitudes of the water table, the con- land surface in both July and October; these areas
fined zone heads, and the Corcoran Clay Member arecan be interpreted as areas with year-round bare-soil
sparse and poorly conslxained. In the Tranquillity evaporation. The 76 open circles indicate areas
subarea, errors may originate in estimated water- where the water table is within 7 ft of land surface in
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July only; these areas can be interpreted as having A perfectly calibrated model should, at mini-
seasonal bare-soil evaporation. The 10 open squaresmum, reproduce areas with year-round bare-soil
indicate areas where the water table is within 7 ft ofevaporation and should not indicate bare-soil evapo-
land surface in October only. These cells reflect ration where it does not occur. The ability of the
water levels of wells that were measured in Octobertransient model to reproduce areas with seasonal
but not in July. The water table may be within 7 ft ofbare-soil evaporation can be considered neutral (fig.
land surface in July at these locations. 16). If the model reproduced only those areas with
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Figure 14. Measured and simulated depth to water, October 1984.
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year-round bare-soft evaporation, then one could in-round (78 percent), 31 of the 86 cells estimated to be
terpret the model as representative of fallow condi-subject to bare-soil evaporation seasonally (36 per-
tions. If the model also reproduced those areas withcent), and predicts 36 cells subject to bare-soil evap-
seasonal bare-soft evaporation, then one could inter-oration that were not subject to bare-soil evaporation.
pret the model as representative of cropped condi- Accuracy of the model can be evaluated by
tions. The model reproduces 95 of the 122 cells comparing the locations of measured and simulated
estimated to be subject to bare-soil evaporation yearbare-soil evaporation. Overall, 78 percent of the sire-
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Figure 15. Measured areas subject to bare-soil evaporation, 1984.

32. Numerical Simulation of Ground-Water FIo~t in the Certtt~l Part of the ~d/e~tern San do.quirt Valley, (~allfornla

C--041 069
C-041069



ulated areas of bare-soil evaporation occur in areasdrawn to compare measured and simulated conditions
where evaporation is estimated as occurring (in July(fig. 17). Data for ceils that were subject to bare-soil
or October, or both). Conversely, only 61 percent ofevaporation were generated from measured areas and
the areas with bare-soil evaporation are predicted byused for comparison with simulation results and are
the model as subject to evaporation, shown at the back of the report. The measured values

A time-series record (1972-88) of the number ofof bare-soil evaporation are a synthesis of more than
model cells subject to bare-soil evaporation was 6,000 data points. Bare-soil evaporation is sensitive
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to extinction depth: if the extinction depth is 6.5 ftmatches between simulated and measured conditions.
(rather than 7.0 ft), bare-soil evaporation decreasesThe model reproduces changes in the water table and
by 10 to 20 model cells for July and by as many asthe confined zone heads fairly well. The time-series
25 model cells for October. A change in extinctionhydrographs indicate that the model is better able to
depth to 7.5 ft similarly increases bare-soil evapora-reproduce the long-term changes in the ground-water
tion. The simulated values of bare-soil evaporationflow system (for example, 1972 to 1984) as compared
are most consistent with the measured values fromto the short-term changes (for example, 1980 to 1984).
1972 to 1985 and are least consistent with the meas-This aspect of the model, especially pronounced for
ured values from 1986 to 1988. On the whole, thethe confined zone heads, is partly due to the specifica-
simulated values are within the bounds of the meas-tion of constant values of recharge and pumping on the
ured values during the period of simulation, basis of the 1980 water budget rather than values comd

A map of the measured change of head in theputed on an annual basis.
confined zone from 1972 to 1984 (fig. 18A) documents
an increase in head of more than 100 ft for more than
half the study area and as much as 275 ft locally. ThisWATER BUDGET
substantial rise in water levels is due to the decrease
in ground-water pumpage that began in 1967. For A representative water budget is shown in figure
most of the study area, the simulated changes over the21 for the study area for 1981 to 1984, a period when
same period (fig. 18B) are within 25 ft of the measuredthe regional-collector drainage system within the
changes, .but differ by as much as 50 ft in the south-Westlands Water District was operational. Of the 10
western part of the study area. On average (table 8),water-budget components demarcated in the figure, 3
the model reproduces the change in confined zonewere specified as input to the model: recharge to the
head within 19 ft of the measured change. The overallwater table (deep percolation), ground-water pump-
agreement between the measured and simulatedage from the semiconfined zone (shallow wells), and
changes indicates that an assumption of spatially con-ground-water pumpage from the confined zone (deep
stant transmissivity in the confined zone is reasonable,wells). Recharge to the water table (260,000 acre-ft/

Time-series hydrographs were used to compareyr) is significantly less than the total quantity of irri-
measured and simulated water-table altitudes and con-gation water applied (830,000 acre-ft/yr).
fined zone head. Figure 19 shows hydrographs for fourThe other seven components were calculated by
model cells with a relatively shallow water table the model: evapotranspiration of water from the shal-
(depth to the water table less than 20 ft), and figure 20low water table, drainflow, outflow to the east from
shows hydrographs for four cells with a relativelythe semiconfined zone across the valley trough, in-
deep water table (depth to the water table more thanflow from the east to the confined zone across the
50 ft). These cells were selected because they containvalley trough, leakage from the semiconfined zone to
wells that represent a range of conditions in the studythe confined zone, input to storage (AS) in the semi-
area, and are not intended to illustrate the best or worstconfined zone, and input to storage (AS) in the con-

fined zone.
One of the water-budget components calculated

z 2~0 , , , , , ~ , by the model---drainflow---can be compared to incas-
e- I~ Range of measured data for July and October ured values. In the area underlain by the regional-

u) ~ ¯ SimulatedJ, o 2eO ~_ ...~._ collector system (42,000 acres represented by 69
o < "~%: "~¢~:~                                        ~,.~model cells), average drainflow volume from 1981 to
o ~ 1984 was 6,900 acre-ft; the average simulated value
:~o~ 150

~

,- ..’, . ~ ~ " ~ ~ ’ was 4,800 acre-ft, or 70 percent of the measured vol-
Ot,t"
~ ,- ume. In the area underlain by on-farm drains, aver-
=o
z=~ ~ 100’ age drainflow volume per unit area at the three field

,,, sites investigated by Lord (1988) was 0.64 ft/yr; the
= simulated value in 1988 was 0.58 ft/yr, or 91 percent

50 I     I     I     t     I 1 . I
197,~ 1974 1976 1978 1080 1082 1984 1088 1988 of the measured value. The difference between meas-

ured and simulated drainflow provides some perspec-
Figure 17. Measured and simulated number of model cells
subject to bare-soil evaporation, 1972-88. tire on the accuracy of the model.
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DISCUSSION OF MODEL ASSUMPTIONS and (3) evaluation of mode/parameters using data
averaged for long time periods and for large areas.

Our model incorporated several assumptions and A steady-state model of the semiconfined zone
simplifications. These include (1) use of a steady- was used to develop a relation between hydraulic
state model to constrain the relation between the hy-conductivity of the fine-grained sediment in the
draulic conductivities of lithologic end members, (2)semiconfined zone (Kf) and hydraulic conductivity of
specification of the initial head distribution in 1972,the Corcoran Clay Member (Kcorc). That relation
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Figure 18. Change of head in confined zone, 1972-84. A, Measured. B, Simulated.
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then was used in the calibration of the transient dimensionless parameters (K~=Kc_cr/Kf and K’=Kc_cr/
model. Two important questions arise: (1) what is theKcorc, where Kc_cr and Kc.s are the hydraulic conduc-
sensitivity of the coupling between Kf and Kcore and tivities of coarse-grained sediment derived from the
(2) is it appropriate to use the relation derived by Coast Ranges and Sierra Nevada, respectively). Ira-
steady-state modeling in a transient model? plicit in the optimization was an assumption that the

The relation between Kf and Keorc was derived by ratio of Ke_s/Ke_er is 3.2. The sensitivity of the relation
optimizing the steady-state model as a function of twobetween Kf and Kcore (K’ and K" when expressed as
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dimensionless parameters) was evaluated by repeatingcan be partly addressed by using the steady-state
the steady-state modeling for two additional values ofmodel to obtain an estimate of Keorc and then by
Ke.slKe_cr (1.0 and 10.0). Figure 22 shows that thecomparing that estimate to the value obtained by cal-
axes of minimum RMSE for the three ratios of Ke_s/ ibrating the transient model. Toward that end, the
Ke.cr are coincident where log K" is less than 5.0 andsteady-state model was used to map the flux across
divergent where log K" is 5.0 or greater. Because logthe Corcoran Clay Member as a function of Ke and
K" was 4.78 in the calibrated transient model, one canKeore (fig. 23); for each run of the steady-state
conclude that the coupling between Kf and Kcore (K’model, Kf was selected to minimize RMSE. Figure
and K" when expressed as dimensionless parameters)23 indicates that the flux across the Corcoran Clay
was not affected by the ratio of Kc_slKc_cr. Member is sensitive to Kcorc and relatively insensi-

The applicability of using a relation derived tive to Ke. Thus, figure 23 can be used to obtain an
from the steady-state model in the transient modelestimate of Kcorc if one can independently estimate
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Figure 19. Measured and simulated altitude of water table and head in confined zone for selected model cells in areas
where water table is within 20 feet of land surface, 1972-88. Numbers in parentheses represent row and columns of
model cell.
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the flux across the Corcoran Clay Member. Because for which the steady-state model was developed).
the steady-state model implicitly incorporated pump-The value of Kcore that allows that flux across the
ing, the estimated flux across the Corcoran Clay lower boundary of the model is about 5.0x10-9 ft/s,
Member must account for all ground water removedwhich, considering the assumptions incorporated into
from the deep parts of the ground-water flow the steady-state calibration, is reasonably consistent
system--this would include ground-water pumpage with the value determined from the transient calibra-
from the semiconfined and confined zones. Ideally, tion (6.0×10-9 ft/s).
independently estimated flux across the Corcoran Accurate solution of an initial value problem re-
Clay Member also would include the change in stor-quires accurate specifieation of initial conditions. The
age in the confined zone and would account for the water-table altitude and the distribution of hydraulic
influx to the confined zone from surrounding areas, head in the confined zone for 1972 were evaluated
Gronberg and Belitz (1992) estimated ground-water using extensive well data and previously prepared
pumpage per unit area at 0.26 ft/yr in 1984 (the yearmaps. The initial head distribution below the water
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Figure 20. Measured and simulated altitude of water table and head in confined zone for selected model cells in areas
where water table is more than 50 feet below land surface, 1972-88. Numbers in parentheses represent row and
columns of model cell.
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table and above the Corcoran Clay Member, howev-specified as equal to the altitude of the overlying

er, is not as well known. The initial head distributionwater table. Although this hydrostatic initial condi-
in the semiconfined zone below the water table wastion is incorrect, we can show that the model is not

significantly affected by the error.
Let us examine hydrographs for model cells lo-

Evapo-
De,ep transpiration cated where the thickness of the semiconfined zone is

percoJation 20 large and the misspecification of a hydrostatic initial

260,1 ~)

/,---~100 ~ 20

[~----~30
condition would be expected to be mostsignificant

| - I ] Drains (fig. 24). In these hydrographs, the altitude of the
¯

Leakage Shallowl I -----~ 20 water table and confined zone heads increased
AS = 60 110 wells Outflew throughout the period of simulation, but heads atto east

l ] [
depth in the semiconfined zone decreased in the first

Deep 0.2 year and then increased. The increases in water-
L~ wells ~- 30 table altitude and confined zone head are consistent

Inflow with measured change (figs. 13, 18, 19, and 20). Thez~S (change in storage)= 40 from
east initial decrease in head at depth in the semiconfined

zone is due to misspecification of the initial condition;
Figure 21. Water budget for study area, 1981-84 (values are
in thousands of acre-feet, rounded to the nearest 10,000). however, the briefness of this decrease indicates that

the assumed initial condition in the semiconfined zone
2.5 + + x ~- + + + + + + + is not cddcal to model performance in later years.

,, Transient decreases in head in the semiconfined zone
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different values of ratio of hydraulic conductivities of +
coame-grai,ned material derived from Sierra Nevada (Kc.s) Figure 23. Flux across the Corcoran Clay Member in 1984
to that from Coast Ranges (Kc.cr). Kf is hydraulic conductiv- mapped as a function of hydraulic conductivity of coarse-
ity of fine-grained material and Kcorc is hydraulic conductivi- grained matedal (Kc) and that of the Corcoran Clay Mem-
ty of the Comoran Clay Member of the Tulare Formation of ber of the Tulare Formation of Pleistocene age (Kcorc).
Pleistocene age. Logarithms are base 10. Logarithms are base 10.
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have little effect on the overlying water table and un-zone (Teonfined) transmissivity, were evaluated using
derlying confined zone because the volume of waterchanges in water levels for a 12-year period; the
represented by the initial decrease in heads is smallthird calibration variable, hydraulic conductivity of
relative to other fluxes in the ground-water flow sys- the Corcoran Clay Member (Keorc), was evaluated
tem (for example, recharge and pumping). In general,using a 16-year period for the total area subject to
the confined zone heads at depth in the semiconfinedbare-soil evaporation. In addition, many of the data
zone can be interpreted as being in dynamic equilibd-sets input to the model as known were averaged for
um with the overlying water table and underlying relatively long time periods and for relatively large
confined zone. areas. For example, rates of recharge and pumping

The transient model was developed using data were evaluated on a annual basis (1980 was selected
sets averaged for relatively long time periods and foras representative) for subareas ranging in size from
relatively large areas. For example, two of the cali- 16 to 155 mi2 and were assumed to be temporally
bration variables, specific yield (Sy) and confined constant during the period of simulation. If the

model was calibrated using seasonal or monthly data
or if the water-budget subareas were subdivided, it

3oo t ~ ~ might be necessary to recalibrate the model. In addi-
tion, refinement (spatial or temporal) of any of the

, 200, ~ other model parameters (for example, parameters
LU ~ representing drains) might necessitate a recalibration
-- ~00 of the model.

~ 0 - ~x~,-~
SUMMARY

rn 100 A three-dimensional, finite-difference numerical
rr model was developed to simulate the regional0 (19, 9)
tu 200 I I I ground-water flow system in the central part of the

0 western San Joaquin Valley. The modeled area is 550
rn mi2 and includes the Panoche Creek alluvial fan and
< 300F- parts of the Little Panoche Creek and Cantua Creek

u_ 200’ ~ ~ ~ ~ -~ --- Z --- ~
alluvial fans. Areally, the model grid is 36 rows by
20 columns with each model cell 1 mi on a side.

z_ ~ Vertically, the semiconfined zone was divided into._1
UJ 100 ~± ^ ^ ^ ^ ^ ^ ^> ....... - five layers, and the confined zone beneath the Corco-
LU ran Clay .Member was represented by a sixth layer.
cc The model incorporates distributed recharge and
~

0 -
~_x._~-~--~-~ :-" ;" x x ~ pumping, regional-collector drains in the Westlands

Water District subarea (operative from 1980 to~
100 - 1985), on-farm drains in parts of the Panoche,

20C I l I (25, 9)
Broadview, and Firebaugh subareas, and bare-soft
evaporation from the water table. The transient

.1972 1976 1980 1984 198~ model was calibrated using hydrologic data from
1972 to 1988.

EXPLANATION An extensive data base was assembled to devel-

¯ LAYER 1 0 LAYER 4 op and calibrate the model. Land subsidence in the

[] LAYER 2 A LAYER 5 study area necessitated a remapping of land-surface

@ LAYER 3 x LAYER 6 altitude (land-surface altitude at 1,776 points and
four land-subsidence maps were digitized). Previous-

Figure 24. Simulated semiconfined and confined zone ly published maps were used to map the thickness of
heads for selected locations where thickness of semicon- Coast Ranges alluvium, Sierran sand, and the Corco-fined zone is large. Numbers in parentheses represent row
and columns of model cell. ran Clay Member of the Tulare Formation of Pleisto-
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cene age. Lithologic and geophysical logs from 534 Three measures of the state of the ground-water
wells were used to map the fraction of coarse- flow system were used to calibrate the transient
grained deposits in the semiconfined zone. model: (1) the change in water-table altitude from

Specification of an initial condition and calibra- 1972 to 1984 was used to calibrate for specific yield;
tion of the model required delineation of water levels.(2) a time-series record (1972 to 1988) of the num-
The altitude of the water table and the depth to the ber of model cells susceptible to bare-soil evapora7
water table in 1972, 1976, 1980, and 1984 were tion (defined as number of model cells with a water
mapped using October water-level measurements table within 7 ft of land surface) was used to cali-
from more than 400 wells. The depth to the water tablebrate for the hydraulic conductivity of the Corcoran
in July and October 1973 to 1988 was mapped in areasClay Member; and (3) the change in confined zone
where the water table is within 20 ft of land surface, head from 1972 to 1984 was used to calibrate for
Confined zone heads were discretized from existingconfined zone transmissivity. Three additional meas-
contour maps for 1972, 1976, 1980, and 1984. ures of the state of the ground-water flow system

Recharge and pumping in the model were areal-were used to help evaluate the fit of the model: depth
ly distributed but temporally constant in the transientto the water table in 1984, distribution of model cells
model. The rates of recharge and pumping were susceptible to bare.-soil evaporation in 1984, and
based on an analysis of 1980 water budgets of ninetime-series hydrographs (1972-88) of water-table al-
subareas ranging in size from 16 to 155 mi2. The titude and confined zone head. Overall, the model re-
vertical distribution of pumping (semiconfined zoneproduces long-term changes more accurately than
compared with confined zone) was based on an anal-short-term changes (for example, decade compared
ysis of the length of well perforations above and with yearly changes) and large-scale features more
below the Corcoran Clay Member. accurately than small-scale features.

The model uses linear head-dependent functions The transient model described in this report can
to represent the subsurface drains and bare-soil evap-be used to evaluate the response of the water table to
oration. Regional-collector drains were parametedzedchanges in management practices that affect recharge
by regression of measured monthly drainflow volumeto or discharge from the ground-water flow system.
for the entire drainage system co0apared with aver- Such activities include land retirement (cessation of
age depth to the water table in the drained area. On-recharge and pumping), improved irrigation efficien-
farm drains were parameterized by regression of cy and consequent reduction in recharge, installation
measured daily drainflow volume compared with or shutting down of drainage systems, and increased
depth to the water table in three agricultural fields, ground-water pumping. The response of the ground-
Bare-soft evaporation was parameterized by a theo- water flow system can be quantified in terms of
retical analysis of bare-soil evaporation from changes in one or more of the following: water-table
Panoche clay loam. altitude, confined zone head, number (and distribu-

Some of the hydraulic properties of the depositstion) of model cells subject to bare-soil evaporation,
in the central part of the western San Joaquin Valleyand changes in the water budget, including drainflow
were evaluated independently of the model and oth-and bare-soil evaporation. Because the model was
ers were calibration parameters. The hydraulic con- calibrated with data that were averaged for relatively
ductivities of coarse-grained deposits derived from large areas (16 to 155 mi2), the model is best suited
the Coast Ranges and from the Sierra Nevada were for evaluating changes that occur across relatively
evaluated from slug tests done for 25 wells drilled bylarge areas. Because the model was calibrated on an
the U.S. Geological Survey. Specific storage was annual basis for a 16-year period (1972-88) using a
based on previously published values. The hydraulicrepresentative water budget, the model is best suited
conductivity of fine-grained deposits in the semicon-for evaluating changes for relatively long time peal-
fined zone and of the Corcoran Clay Member, the ods (years to decades).
transmissivity of the confined zone, and specific
yield were calibration parameters. Two of the param-
eters (hydraulic conductivity of the fine-grained de- RF:FI=RF:NCI=S GITI=D
posits and of the Corcoran Clay Member) were
coupled in the first phase of model calibration, thus Belitz, Kenneth, and Heimes, EJ., 1990, Character and ev-
reducing independent parameters from four to three, olution of the ground-water flow system in the central
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APPENDIX A: SPECIFIC YIELD

Specific yield (Sy) can be defined as the change in moisture content for a unit change
in the altitude of the water table. Given a mathematical function describing moisture con-
tent as a function of tension and assuming equilibrium drainage, specific yield can be
calculated as a function of water-table depth. If the moisture characteristic curve is de-
scribed by the equation

0 = A + Blnap,          (19)    Equation 23 can be integrated:
where

B               L20 = moisture content = volume of S = ~- A + L1 ~ (~21 nap -up)LI. (24)
water per unit volume of soil Y L2
(dimensionless) and Equation 24 can be expanded and simpli-~0 = tension (L),

fled:
then at time t1,

L,
0T = f(A+Bln~)dV, (20) +~(L2lnL2-LllnL1) (25)

0                             LI - L2
where

0/, = moisture stored in the profile Equation 25 provides an estimate for spe-
from the land surface to depth L1 cific yield for a change in depth to the
(L) and water table from L! to L-2. Equation 25 can

L1 = depth of the water table at time t1 be applied to Panoche clay loam using data
(L), from Lord (1988), who presented moisture

and at time t2, content and tension data for a core taken
from a field site in the Panoche Water Dis-

t~ tlict (PI-1). The porosity of the core is

or = ¢(LI-L2) +f(a+nln,)aV, (21) � = 0.526. (26)
0

where Regression of moisture content against ten-
0 = porosity (dimensionless) and sion (in meters) indicates

L2 = depth of the water table at time t2 ~p = 0.367 - 0.0471 ln~p, (27)(L).
with R2-adj = 99.6 percent.

The change in moisture content (AOT) Substitution of 26 and 27 into 25 leadstherefore is
to

L;~

A0T= ~p(LI-L2) +f(A+Blnap)dap S = 0.11 0.471 (L21nL2_LllnL1).(28)
0 Y L1 - L2

LI
Equation28canbeusedtoestimatespecif-

-.~" (A + B 1 n ~) d~. (22)
ic yield for Panoche clay loam. If depth to

0 the water table changes from LI=30 metersThe specific yield thus can be calculated:
to L2=29 meters, then Sy=0.31; if depth to

L~ the water table changes from LI=7 m to

f (A + Bln~p) dap L2=6 m, then Sy=0.25; and if depth to the

A0r L~ water table changes from Ll=3 m to L2=2
Sy = L1_ L2 = ~ + L1 _ L2              . (23) m, then Sy=0.20.
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APPENDIX El: ElARE-SOIL EVAPORATION

Evaporation from bare soil can be evaluated as a function of the depth to the water
table by solving the appropriate boundary-value problem (Hillel, 1980). The governing
equation is

E ~ K(ap) (dap/dz- 1). (29) Nielson and others (1973) compiled a
Boundary conditions are large amount of data on soil moisture, soil

~p = 0 at z = -L, (30a) tension, and hydraulic conductivity data for
Panoche clay loam. Synthesis of data from

ap = ~pmax at z = 0, (30b) Nielson and others (I973, their tables 2 and
where 4) provides an estimate of hydraulic con-

E = evaporation rate (L/t), ductivity as a function of tension: at 0.0,
~p = soil-moisture tension (L), 0.33, 1.0, 2.0, and 3.0 ft of tension, the hy-

K (~p) = hydraulic conductivity, a function. draulic conductivity was 243.0, 85.0, 30.0,
of tension (L/t), 4.9, and 0.73 ft/yr, respectively. Regression

z = vertical distance, positive upward of In K compared to soil tension for the
(L), and three data points at largest tension indicates

L = water-table depth (L).

If K (~p) = ae"bxp, equation 29 can be solved K = 32.0e-°’96~, (33)

by separation of variables: where

E = a ( 1 - ebt" - baPmax ) I(ehI" - 1 ). (31) K = hydraulic conductivity (ft/yr).
Application of equation 33 to Panoche clay

If apmax--*~ then ebLbaPmax--~O, and if bL loam indicates
> I then ebL >> I and

-bL E = 32.0e-°’96L, (34)
E = ae (32)

Thus, the bare-soil evaporation rate can be where
calculated as a function of water-table E = evaporation rate (ft/yr) and
depth if one can estimate the parameters a L = depth of water table below evap-
and b. oration surface (ft).
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APPENDIX C: SELECT~=D MODEL INPUT DATA

The following data were used directly as model input or used in combination with
other data presented in this report to generate model input:

Altitude of land surface, in feet above sea level;

Model layer containing interface between Coast Ranges and Sierran deposits;
Thickness of the semiconfined zone and of the Corcoran Clay Member of the Tulare For-
mation of Pleistocene age, in feet;

Altitude of the water table, October 1972 and 1984, in feet above sea level;

Altitude of the piezometric surface in the confined zone, 1972, 1976, and 1984, in feet
above and below (-) sea level;
Texture of materials in layers 1, 2, 3, 4, and 5 is in percentage of coarse-grained materials;

Texture of materials between midpoint of layers 1 and 2, 2 and 3, 3 and 4, and 4 and 5 is
in percentage of coarse-grained materials; and
Mala’ix (modflow ibound army) indicating distribution of potentially active cells for layers
1 to 5 and distribution of active cells for layer 6.
These are presented below in tabular form.
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Altitude of the water table, October 1972

[--, null value]                                      Column

Row 1    2    3    4    5    6    7    8    9 10 I1 12 13 14 13 16 17 18 19 20
1 .................... 146.8 135.2 ...............

l~-~.4>u
172.0 156.8 145.8 133,3 ,,-,~ ............3 .... 212.0 173.4 161.7152.3 I44.5 lo~.2 ..........

5 -- 33"~.0 28";.0 25"~.0 219.0 197.5176.3 164.8155.4 148.0 141.9 13"q.0,,-; ._ ......
...... 281.0 245.0 217.1 201.0182.0 171.9165.7 158.9 151.0 136.5 to.,.2 ......

6 ........ 353.0 287.0 241.5 217.1 197.0 182.1 175.9 172.7 166.8 161.8 152.5 143.8 135.4 ......
7 ........ 386.0 305.0 255.1 221.4 203.6 190.9 181.5 177.1 172.3 168.4 161.5 152.1 142.7--- ....
8 ........ 398.0 310.0 252.9 223.6 207.0 199.1 188.7 183.7 180.3 178.1 I69.7 160.6 149.5 141.6 ....
9 ...... -- 387.0 294.0 250.0 235.0 224.0 210.0 I97.0 189.5 I89.5 185.0 174.9 165.0 151.8 I44.8 -- --

10 ...... 429.0 347.0 290.0 265,0 254.0 235.0 219.0 206.0 195.0 196.2 189.9 175.0 165.9 157.7 144.9 134.6 --
11 ...... 419,0 338.0 299.0 280.0 263.0 241.0 225.0 214.0 201.0 198.3 194.6 180.6 169.2 156.4 149.1 138.1 --
12 ...... 407.0 338.0 311.0 295.0 269.0 248.0 232.0 219.0 206.0 196.4 196.6 183.3 170.6 154.6 144.2 134.1 --
13 .... 492.0 401.0 346.0 321.0 305.0 283.0 262.0 241.0 225.0 210.0 198.0 192.9 186.6 173.8 157.1 143.0 126.0
14 -- -- 469.0 382,0 354.0 331.0 308.0 289.0 268,0 248.0 232.0 217.0 203.0 196.3 188.2 I74.1 157.1 143.2 131.0 124.0
15 -- 532.0 441.0 394.0 362.0 337.0 318.0 296.0 276.0 256.0 234.0 222,0 205.0 201.6 192.0 177.1 160.5 148.5 128.0 130,0
16 -- 469.0 424.0 396.0 369.0 345.0 323.0 301.0 282.0 256.0 240,0 222.0 207.0 207.2 193.9 179.0 163.7 144.9 132,0 133.0
17 -- 461.0 429.0 397.0 368.0 346.0 324.0 303.0 282.0 257.0 236.0 219.0 208.0 201.2 189.6 178.7 164.8 155.2 135.0 135.0
18 -- 514.0 444,0 403.0 373.0 344.0 322.0 298.0 278.0 258.0 237.0 222.0 209.2 204.9 189.4 179.1 167.9 158.7 149.0 138.0
19 -- 572.0 480.0 423.0 380.0 339.0 310.0 286.0 271.0 258.0 236,0 221.0 217.3 202,2 187.6 180.3 166.0 145.6 137.0 --
20 -- 595.0 516,0 457.0 404.0 351,0 306.0 277.0 262.0 246.0 229.0 217.1 211.0 198.8 183.6 175.3 I60.6 143.3 137.0 --
21 721.0 621.0 544.0 478.0 419.0 356.0 306.0 270,0 254.0 238.0 221.0 213.1 207.2 194,5 178.7 166.7 151.6 139.9 137.8 --
22 -- 647.0539.0476.0418.0362.0305.0262.0242.0228.0213.0209.2200.3187.7171.5161,7148.7143,1 ....
23 -- 660.0 546.0462.0 402.0 346.0 300.0 256.0 232.0 217.0 213.3 202.9 193.9 181.0 167.3 155.3 143.8 146.5 ....
2,4 .... 559.0 460.0 380.0 331.0 282.0 243.0 221.0 208.0 201.4 195.4 185.2 175.6 163.4 152.5 147.0 148.9 ....
25 ...... 453.0 355.0 306.0 266.0 230,0 205.0 195.6 193.1 185.6 176.1 169.6 I60. I 154.9 146.7 146.6 ....
26 ...... 465.0369.0298.0252.0218,0202.3187.4181.1175.8170.2167.1157.4148.9145.4137.4140.0--
27 ...... 509.0 414.0 320,0 252.0 220.0 208,6191.3 179.9 173.0 166.3 160.9 154.0 146.0 139.9 134.0 138.0
28 ...... 513.0 427.0 348.0 276.0 240.0 227.6206.0 188.1 175.4 167.7 160.5 157.8 151.7 140.9 136.0 138.4 142.1
29 ......... 478.0 381.0 305.0 268.0237.7213.8 192.6 180.5 171.3 164.3 159.7 148.9 143.0 143.7 143.7 148.3
30 ........ 477.0 386.0 335.0 293.0 249.0 222.4 202.2 188.4 179.5 167.7 156.4 143.1 141.0 144.0 141.0 141.2
31 ........ 474.0 410.0 357.0 311.0 264.0 228.0 205~2 194.0 188,8 173.7 156.1 148.0 144.0 144.0 143.0 --
32 ........ 483.0 435.0 372.0 318.0 276.0 240,0 214.0 198.8 192.9 185.3 161.4 152.0 146.0 146.0 145.0 --
33 ...... -- 476.0 423.0 377.0 326.0 277.0 247,0 226.0 211.0 194,2 185.5 166.2 154.0 150.0 148.0 146.0 --
34 ...... 491.0446.0393.0346.0309.0278.0255.0234.0218.0202.0188.8179.9155.0151.0149.0 ....
35 .... -- 443.0 405.0 371.0 337.0 3t0.0285.0 261.0 242.0223.0 206.0 188.4 184.3 ..........
36 .... 514.0 430,0 401.0 374.0 345.0 316.0292.0 270.0 250.0 ...............

Altitude of the water table, October 1984 Column
Row 1    2    3    4    $    6    7    8 9 I0 " 11 12 13 14 15 16 17 18 19 20

I .................. 145.2134.2 ..............
2 .... 17-~.4151.9142.713"~.2 .....
3 .... -- -- 20~.0 19~,8172.9 158.5 149.9 142.8 13",~.5-- ......
4 .... -- --- 220.9 217.7 204.5 191.6176.3 163.7 154.1 145.9 141.4 136.8-- ......
5 .... -- 212.2231.5226.8224.9213.1193.8I81.7171.5164.7157.2150.3137.2 I39.9-- ......
6 .... 219.1212.9238.7258.9241.1218.5198.9184.5177.7173.1165.4159.1152.2145.8138.8 ......
7 .... 202.8215.3238,2317.8252,0219.5207.8194.3187,5183.1173.4165.0159,6151.2142.8-- ....
8 .... 208.5 215.0 239.6 320.8 247.0 227,6 218.2 208.5 200.5 190.8 181.5 176.1 169.8 160.6 150.1 142.2 --
9 .... 187.9 209.7 237.0 277.7 238.9 226.7 228.2 216.1 206.5 199.5 190.7 185.1 178.2 168.4 154.2 147.1 -- --

10 .... 184.3 207.2 224.1 250.0 247.5 237.4 230.6 219.1 210.3 203.6 197.3 190.8 179.1 169.7 158.2 147.2 133.2 --

1"’.280
176.5 210.6 211.6 235,1 238.8 235.6 224.7 215.8 210.7 208.7 205.0 194.5 I81.7 171.0 158.2 150.3 131.6 --

12 -- 188.8 186.6 207.4 219.9 224.4 216.8 211.6 210.7 209.9 213.7 208.6 196.0 186.6 173.2 155.3 147.5 133.5 --
13 --                    182.4 187.9 184.5 196.9 207,0 212.9 204,6 201,0 202.9 206.9 210.4 210.1 197,4 185,4 174.5 162,0 149,9 134.7
14 188.1 189.2186.0 t76.0 194.0 192.5 190.9 184.5 182.6 190.3 203.6 215.9 214.8 202.5 190.6 177,2 161.9 151.2 141.0 130.4
15 214.6219.8211.5196.4191.1184.7167.5160.0169.7189.4204.9231.1216.8203.9193.0178.6163.5152.7138.4134.3
16 271.0 266.9 228.0 213.1 194.6 175.0 147.7 147.2 171.3 188.4 210.6 227.4 217.7 206.3 191.I 179.2 165.5 151.8 142.6 153.7
17 213.2 217.4 191.4 174.7 189.9 187.3 181.6 183.1 192.5 201.3 214.6 227.1 218.4 204.4 188.6 178.0 166.5 157.3 151.2 155.7
18 -- 183.4 153.0 144.7 185.7 192.3 198,9 212.3 214.0 222.9 228.2 229.2 217.5 204.3 189.6 179.1 167.3 157.5 148.4 158.7
19 188,8 147.7 103.9 120.9 173.7 198.6 224.6 229.7 237.7 241,4 236.5 231,9 218.6 203.9 187.3 177.9 165.0 158.3 145.5 --
20 165.7127.0 81.0118.5177.8224.8261.2250.5249.1244,9238.6227.0214.0199.5185.2173.0160.6151.7144.7--
21 157.3 152.8 139.5 153.2 185.7 235.3 281.7 267.7 257.9 251.4 232.8 218.8 206.6 192.5 180.7 164.8 153.9 145,8141.4 --
22 -- 184.6167.4163.4188.3248.0285.3269.1249.5242.5225.1211.1197.7186.4174.1165.7151.3143.8 ....
23 -- 169.5159.1158.8197.5266.3299.2249.7232,8229.6222.1203.8191.4179.5167.9158.8145,4141.5 ....
24 .... 160,4 158.8 196.4 283.1 285.7 250.6 231.2 217,3 206.1 194.0 183.7 174.4 164.8 154.0 147.7 135.8 ....
25 ...... 157.9 169.4 291.5 273.5 238.2 201.6 197.5 198.7 189.1 172.4 169.2 158.4 153.4 148.4 143.8-- --
26 ...... 157.8162.5256.1266.8225.5204.3190.0186.3183.6171.1165.6153.0133.9140.8147.6148.9--
27 ...... 127.7 158.3 253.0 260.5 231.4 211.6 196.1 186.2 177.0 165.1 159.2 149.2 136.9 143.3 148.9 151.6
28 ...... I02.4 131.9 204.5 267.7 256.5 229.0 208.3 I90.0 I76.5 168.5 I63.0 155.6 137.1 144.1 143.3 147.6 154.0
29 ........ 128.3188.3267.2271.0246.4214.6194.9181.1171.1164.3157.9150.2143.1145.5144,6148.8
30 ........ 114.0 159,9 233.8 280.9 259.1 228.1 204.4 189.1 180.0 169.7 156.8 142.8 141.8 143.5 139.4 141.4
31 ........ 91.7 150.1 216.2 275.4 273.9 242.5 216.4 200.4 189.1 174.4 162.5 163.7 141.2 137.4 131.8 --
32 ........ 67.0 140.8 202.1 263.6 288.3 253.4 219.9 208.5 197.9 185.4 161.6 161.7 138.2 130.6 122.8 --
33 ...... -~ 46.4 128.8 194.4 248.3 278.7 251.4 227.8 213.9 202.0 184.7 162.7 159.7 135.5 123.7 114.4
34 ...... 5.0 67,8 122.5 182.9 244.! 274.9 244.8 227.0 216.3 208.4 191.5 176.3 155,9 127.7 117.7 ....

29                "’.9 36,7
90.5120,4182.7261.1281,1247.5231.9218.7211.6198.6183.2 ..........

36 .... 61.6 99.4 130.3 180.1 243.8 272.6 253.1238.2 .................

Numerical Simulation of Ground-Water Flow in the Central Part of the Western San Joaquin Valley, California

C--041087
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APPENDIX D: DATA GENERATED FROM MEASURED WATER LEVELS
AND USED FOR COMPARISON WITH SIMULATION RESULTS

Cells subject to bare-soil evaporation (water table within 7 ft of land surface) from
October 1972 through October 1988 are tabulated below, "1" signifying that the cell is
subject to bare-soil evaporation. Data are given for July and October conditions for each
year, except July 1977.

Appendix D: Data Generated from Measured Water Levels 61
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